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REGULATION OF CELL GROWTH BY MUC1 

TECHNICAL FIELD 

This invention relates to regulation of cell growth, and more particularly to 
regulation of the growth of cancers. 

5 BACKGROUND 

The DF3/MUC1 gene encodes a high molecular weight membrane-associated 
glycoprotein with a mucin-like external domain. The MUCl glycoprotein is expressed on 
the apical borders of secretory epithelial cells and aberrantly at high levels over the entire 
surface of breast, prostate, lung and other types of carcinoma cells [Kufe et al.(1984) 
10 Hybridoma 3:223-232; Perey et al. (1992) Cancer Res. 52:2563-2568]. Estimates indicate 
that over 500,000 new tumors overexpressing MUC1 are diagnosed each year. 

SUMMARY 

The inventors have discovered that MUC1 binds via its cytoplasmic domain (CD) 
to c-Src, epidermal growth factor receptor (EGF-R), pl20 ctn (pi 20), and protein kinase C8 

15 (PKC5). In addition, they have shown that c-Src, EGF-R, and PKC6 phosphorylate the 
CD of MUC1, that phosphorylation of MUC1 by these kinases leads to enhanced binding 
of p-catenin to MUC1, and that phosphorylation by EGF-R leads to enhanced binding of c- 
Src to MUC1 . The invention thus features methods for identifying compounds that inhibit 
(a) binding to MUC1 of tumor progressors (e.g., P-catenin, pl20, c-Src, EGF-R, and 

20 PKC5); and (b) phosphorylation of MUC1 by tumor progressors (e.g., c-Src, EGF-R, and 
PKC5). The invention also includes a method for identifying a compound that enhances 
binding to and phosphorylation of MUC1 by glycogen synthase kinase 3p (GSK3P). In 
addition, the invention features methods for inhibiting expression of MUCl and tumor 
progressors in cells and methods for inhibiting binding of MUCl to P-catenin in cells. 

25 More specifically, the invention features a method of identifying a compound that 

inhibits binding of MUCl to a tumor progressor. The method involves: (a) providing a 
MUCl test agent; (b) providing a tumor progressor test agent that binds to the MUCl test 
agent; (c) contacting the MUCl test agent with the tumor progressor test agent in the 
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presence of a test compound; and (d) determining whether the test compound inhibits 
binding of the MUC1 test agent to the tumor progressor test agent. The tumor progressor 
test agent can be, for example, a c-Src test agent, a pl20 ctn test agent, an epidermal growth 
factor receptor (EGF-R) test agent, a p-catenin test agent, or a protein kinase C8 (PKC8) 

5 test agent. The contacting can be carried out in a cell-free system or it can occur in a cell. 
Another aspect of the invention is a method of identifying a compound that 
enhances binding of MUC1 to glycogen synthase kinase 30 (GSK3P). The method 
involves: (a) providing a MUC1 test agent; (b) providing a GSK3P test agent that binds to 
the MUC1 test agent; (c) contacting the MUC1 test agent with the GSK30 test agent in the 

10 presence of a test compound; and (d) determining whether the test compound enhances 
binding of the MUC1 test agent to the GSK3{5 test agent. The contacting can be carried 
out in a cell-free system or it can occur in a cell. 

Also featured by the invention is an in vitro method of inhibiting expression of 
MUC1 or a tumor progressor in a cell that expresses MUC1. The method involves: 

15 (a) identifying a cell as expressing MUC1; and (b) treating the cell in vitro with an 
antisense oligonucleotide that hybridizes to a MUC1 transcript or to a tumor progressor 
transcript, wherein the antisense oligonucleotide inhibits expression of MUC1 or the tumor 
progressor in the cell. The tumor progressor can be, for example, p-catenin, c-Src, pl20 ctn , 
EGF-R, or PKC5. The cell can be a cancer cell, e.g., a breast cancer, lung cancer, colon 

20 cancer, pancreatic cancer, renal cancer, stomach cancer, liver cancer, bone cancer, 
hematological cancer (e.g., leukemia or lymphoma), neural tissue cancer, melanoma, 
ovarian cancer, testicular cancer, prostate cancer, cervical cancer, vaginal cancer, or 
bladder cancer cell. The cell can be treated with the antisense oligonucleotide itself or the 
treating step can be accomplished by introduction into the cell of a nucleic acid comprising 

25 a transcriptional regulatory element (TRE) (e.g., the DF3 enhancer) operably linked to a 
nucleic acid sequence that is transcribed in the cell into the antisense oligonucleotide. 

Another embodiment of the invention is an in vitro method of inhibiting binding of 
MUC1 to p-catenin in a cell that expresses MUC1. The method involves: (a) identifying a 
cell as expressing MUC1; and (b) treating the cell in vitro with a compound that inhibits: 

30 (i) the binding of a tumor progressor to the cytoplasmic domain of MUC1 ; or (ii) 
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phosphorylation of the cytoplasmic domain of MUC1 by a tumor progressor. The tumor 
progressor can be any of those listed above and the compound can a peptide fragment of 
(a) MUC1 or (b) the tumor progressor. The peptide fragment of MUC1 can be a peptide 
fragment of the cytoplasmic domain of MUC1, e.g., a peptide fragment with an amino acid 

5 sequence that is or contains SEQ 3D NO:7. The cell can be a cancer cell, e.g., any of the 
cancer cells listed above. The cell can be treated with the compound itself or, where the 
compound is a polypeptide, the treating step can be accomplished by introduction into the 
cell of a nucleic acid comprising a TRE (e.g., the DF3 enhancer) operably linked to a 
nucleic acid sequence encoding the polypeptide. 

10 Another aspect of the invention is a method of identifying a compound that inhibits 

phosphorylation of MUC1 by a tumor progressor. The method involves: (a) providing a 
MUC1 test agent; (b) providing a tumor progressor test agent that phosphorylates the 
MUC1 test agent; (c) contacting the MUC1 test agent with the tumor progressor test agent 
in the presence of a test compound; and (d) determining whether the test compound 

1 5 inhibits phosphorylation of the MUC1 test agent by the tumor progressor test agent. The 
tumor progressor test agent can be any of those listed above and the contacting can be 
carried out in a cell-free system or it can occur in a cell. 

The invention also embodies an in vivo method of inhibiting binding of MUC1 to 
P-catenin in a cancer cell that expresses MUC1. The method involves: (a) identifying a 

20 subject as having a cancer that expresses MUC1; and (b) administering to the subject a 
compound or, where the compound is a polypeptide, a nucleic acid comprising a nucleic 
acid sequence encoding the polypeptide. The compound is one that inhibits (i) binding of 
a tumor progressor to the cytoplasmic domain of MUC1 or (ii) phosphorylation of the 
cytoplasmic domain of MUC1 by a tumor progressor. The subject can be a human patient 

25 and the cancer cell can be any of those listed above. 

Also featured by the invention is an in vivo method of inhibiting expression of 
MUC1 or a tumor progressor in a cancer cell that expresses MUC1 The method involves: 
(a) identifying a subject as having a cancer that expresses MUC1; and (b) administering to 
the subject an antisense oligonucleotide or a nucleic acid comprising a TRE operably 

30 linked to a nucleic acid sequence that encodes the antisense oligonucleotide. The antisense 
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oligonucleotide (i) hybridizes to a MUC1 transcript or to a tumor progressor transcript and 
(ii) inhibits expression of MUC1 or the tumor progressor in the cell. The subject can be a 
human patient and the cancer cell can be any of those listed above. 

"Polypeptide" and "protein" are used interchangeably and mean any peptide-linked 

5 chain of amino acids, regardless of length or post-translational modification. The MUC- 1 , 
tumor progressor, or GSK3f3 text agents used in any of the methods of the invention can be 
wild-type or can have one or more (e.g., one, two, three, four, five, six, seven, eight, nine, 
ten, 12, 15, 20, 25, 30, 35, 40, or 50) conservative amino acid substitutions. Conservative 
substitutions typically include substitutions within the following groups: glycine and 

10 alanine; valine, isoleucine, and leucine; aspartic acid and glutamic acid; asparagine, 
glutamine, serine and threonine; lysine, histidine and arginine; and phenylalanine and 
tyrosine. 

As used herein, a "tumor progressor" is (a) P-catenin or (b) a polypeptide that binds 
to and/or phosphorylates one or more amino acid residues (e.g., tyrosine or threonine 

15 residues) in the cytoplasmic domain of MUC 1 so as to enhance binding of p-catenin to 
MUC1. Tumor progressors include, for example, P-catenin, pi 20, c-Src, EGF-R, and 
PKC8. Another tumor progressor of interest is ErbB2. 

As used herein, a "tumor progressor test agent" is (a) the full-length (mature or 
immature) wild-type tumor progressor, (b) a fragment of the tumor progressor that is 

20 shorter than the full-length tumor progressor, or (c) (a) or (b) but with one or more (see 
above) conservative substitutions. Tumor progressor test agents other than full-length 
wild-type tumor progressors will have at least 50% (e.g., at least 50%, at least 60%, at least 
70%, at least 80%, at least 90%, at least 95%, at least 98%, at least 99%, at least 99.5%, or 
100% or more) of the ability of the full-length wild-type tumor progressor to bind to, or to 

25 phosphorylate, the cytoplasmic domain of MUC1. Tumor progressor test agents include, 
for example, P-catenin test agents, pl20 test agents, c-Src test agents, EGF-R test agents, 
and PKC8 test agents. 

As used herein, a "MUC1 test agent" is (a) full-length (mature or immature) wild- 
type MUC1, (b) a fragment of MUC1 that is shorter than full-length mature MUC1, or (c) 

30 (a) or (b) but with one or more (see above) conservative substitutions. Fragments of 
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MUC1 include those that contain all or part of the CD of MUC1 and, either none, all, or 
part of the rest of the mature MUC1 molecule. MUC1 test agents other than full-length 
wild-type MUC1 will have at least 50% (e.g., at least 50%, at least 60%, at least 70%, at 
least 80%, at least 90%, at least 95%, at least 98%, at least 99%, at least 99.5%, or 100% 
5 or more) of the ability of full-length mature wild-type MUC1 to bind to, or be 

phosphorylated by the action of, the tumor progressor test agent of choice or by a GSK3P 
test agent. 

As used herein, a u GSK3p test agent" is (a) the full-length wild-type GSK3p, (b) a 
fragment of GSK3P that is shorter than full-length GSK3P, or (c) (a) or (b) but with one or 

10 more (see above) conservative substitutions. GSK30 test agents other than full-length 
wild-type GSK3P will have at least 50% (e.g., at least 50%, at least 60%, at least 70%, at 
least 80%, at least 90%, at least 95%, at least 98%, at least 99%, at least 99.5%, or 100% 
or more) of the ability of full-length wild-type GSK3P to bind to, or to phosphorylate, the 
cytoplasmic domain of MUC1. 

15 As used herein, "operably linked" means incorporated into a genetic construct so 

that expression control sequences effectively control expression of a coding sequence of 
interest. 

Unless otherwise defined, all technical and scientific terms used herein have the 
same meaning as commonly understood by one of ordinary skill in the art to which this 

20 invention pertains. In case of conflict, the present document, including definitions, will 
control. Preferred methods and materials are described below, although methods and 
materials similar or equivalent to those described herein can also be used in the practice or 
testing of the present invention. All publications, patent applications, patents and other 
references mentioned herein are incorporated by reference in their entirety. The materials, 

25 methods, and examples disclosed herein are illustrative only and not intended to be 
limiting. 

Other features and advantages of the invention, e.g., inhibiting the growth of cancer 
cells, will be apparent from the following description, from the drawings and from the 
claims. 
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DESCRIPTION OF DRAWINGS 

Fig. 1 A is a pair of photographs of immunoblots. A lysate from ZR-75-1 breast 
cancer cells was imrnunoprecipitated with control mouse IgG (left lane in both panels), 
antibody specific for MUC1 ("anti-MUCl"; middle lane of left panel), or antibody specific 

5 for c-Src ("anti-c-Src"; middle lane of right panel). The immunoprecipitates were 

subjected to immunoblot analysis with anti-c-Src (left panel) or anti-MUCl (right panel). 
An aliquot of the lysate not subjected to immunoprecipitation was also analyzed by 
irnmunoblot analysis ("Lysate"; right lane of both panels). The positions of c-Src and 
MUC1 on the immunoblots are indicated. 

10 Fig. IB is a photograph of an immunoblot. Purified, recombinant MUC1/CD 

(cytoplasmic domain of MUC1) was incubated alone ("MUC-l/CD"), with glutathione-S- 
transferase (GST) ("MUC1/CD+GST"), GST fused to the SH2 domain of c-Src 
("MUCl/CD+GST-Src SH2"), or GST fused to the SH3 domain of c-Src 
("MUCl/CD+GST-Src SH3"). Proteins precipitated from these mixtures with glutathione- 

15 Sepharose 4B™ beads were subjected to immunolot analysis with an antibody specific for 
MUC1/CD ("anti-MUCl/CD"). The position on the immunoblot of MUC1/CD is 
indicated. 

Fig. 1C is a photograph of an immunoblot (left panel) and a photograph of a 
Coomassie blue-stained sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 

20 PAGE) gel (right panel). Purified recombinant 3VTUC1/CD (cytoplasmic domain of MUC1) 
was incubated alone ("MUC-l/CD (Input)"), with glutathione-S -transferase (GST) 
('MUC1/CD+GST"), GST fused to the SH3 domain of c-Src ("MUCl/CD+GST-Src 
SH3"), or GST fused to the SH3 domain of c-Src in which amino acids 90-92 were deleted 
("MUCl/CD+GST-Src SH3De90/92"). Proteins precipitated from these mixtures with 

25 glutathione-Sepharose 4B™ beads were subjected to immunoblot (IB) analysis with anti- 
MUCl/CD ("IB: anti-MUCl/CD"). The position of MUC1/CD on the immunoblot is 
indicated. The SDS-PAGE gel used for the immunoblot analysis was stained with 
Coomassie blue to assess loading of wild-type ("GST-Src SH3") and mutant ("GST-Src 
SH3De90/92") SH3 domains onto the gel. 
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Fig. 2A is a table showing the components of two phosphorylation reaction 
mixtures (top panel) and an autoradiogram of a SDS-PAGE gel of the two phosphorylation 
reaction mixtures (bottom panel). The positions of phosphorylated (P in a circle) c-Src and 
MUC1/CD on the autoradiogram are indicated, 

5 Fig. 2B is a schematic representation of the MUC1 molecule showing the structure 

of wild-type and a mutant form of MUC1/CD. The sequence of amino acids 42-50 of the 
wild-type ("MUC1/CD (WT)") (SEQ ID NO:l) and mutant ("MUC1/CD (Y46F)") (SEQ 
3D NO:2) MUC1 CD and the nucleotide sequences of cDNA encoding wild-type (SEQ 3D 
NO: 3) and mutant (SEQ ID NO:4) are shown. Numbers indicate amino acid positions in 

10 MUC1/CD (SEQ ED NO:l). TR, tandem repeat domain; TM, transmembrane domain; 
CD, cytoplasmic domain. 

Fig. 2C is: a table showing the components of three phosphorylation reaction 
mixtures (top panel); an autoradiogram of an SDS-PAGE gel of the three phosphorylation 
reaction mixtures (middle panel); and a photograph of a Coomassie blue stained-SDS- 

1 5 PAGE gel (bottom panel). The positions of phosphorylated (P in a circle) c-Src and 
MUC1/CD in the autoradiogram are indicated. The SDS-PAGE gel used to generate the 
autoradiogram was stained with Coomassie blue to assess loading of MUC1/CD onto the 
gel. 

Fig. 2D is a table showing the substrates and presence or absence of ATP in four 
20 phosphorylation reaction mixtures (top panel), and two photographs of immunoblot 
analyses of the phosphorylation reaction mixtures (middle and bottom panels). The 
immunoblot depicted in the middle panel was stained with anti-MUCl/CD ("IB: anti- 
MUC1/CD"). The immunoblot depicted in the bottom panel was stained with an antibody 
specific for phosphotyrosine residues ("IB: anti-P-Tyr"). The positions on the 
25 immunoblots of MUC1 and phosphorylated (P in a circle) MUC1/CD are indicated. 

Fig. 3 A is a table showing the components of two phosphorylation reaction 
mixtures (top panel) and a photograph of an immunoblot from an SDS-PAGE gel of the 
phosphorylation reaction mixtures (bottom panel). The immunoblot was stained with 
antibody specific for glycogen synthase kinase 3p (GSK3p) ("IB: anti-GSK3p"). The 
30 position of GSK3P on the immunoblot is shown. 
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Fig. 3B is a pair of photographs of immunoblots. ZR-75-1 breast cancer cells were 
transiently transfected with a control expression vector ("ZR-75-1 /Vector") or an 
expression vector containing cDNA encoding c-Src ("ZR-75-1 /c-Src"). Lysates from these 
cells were immunoprecipitated ("IP") with anti-MUCl ("IP: anti-MUCl"). Lysate from 

5 the cells transfected with the vector expressing c-Src was also immunoprecipitated with 
normal mouse IgG ('TgG"). These immunoprecipitates as well as unprecipitated lysate 
("Lysate") from the cells transfected with the c-Src-expressing vector were subjected to 
immunoblot analysis with anti-c-Src ("IB: anti-c-Src") (top panel) or anti-GSK3P ("IB : 
anti-GSK3P") (bottom panel). The positions of IgG, c-Src, and GSK3p on the 

10 immunoblots are indicated. 

Fig. 4 A is a pair of photographs of immunoblots. Above the top panel is shown the 
components of eight phosphorylation reaction mixtures. The proteins in the eight different 
reaction mixtures were incubated with either GST or GST fused to P-catenin ("GST-P- 
Cat"). The resulting mixtures were incubated with glutathione-Sepharose 4B™ beads. 

1 5 Proteins precipitated by the beads were subjected to immunoblot analysis with anti- 
MUC1/CD ("IB: anti-MUCl /CD") (top panel) or antibody specific for p-catenin ("IB: 
anti-catenin") (bottom panel). The positions of MUC1/CD and P-catenin ("p-Cat") on the 
immunoblots are indicated. 

Fig. 4B is a series of three photographs of immunoblots. ZR-75-1 breast cancer 

20 cells were transiently transfected with a control expression vector ("ZR-75-1/V ector") or 
an expression vector containing cDNA encoding c-Src ("ZR-75-l/c-Src"). Lysates from 
these cells were immunoprecipitated (IP) with either normal mouse IgG ("IgG") or anti- 
MUC1 ("IP: anti-MUCl"). These immunoprecipitates as well as unprecipitated lysate 
("Lysate") from the cells transfected with the c-Src-expressing vector were subjected to 

25 immunoblot analysis with anti-c-Src ("IB: anti-c-Src") (top panel) or anti-P-Tyr ("IB : anti- 
P-Tyr") (middle panel), or anti-P-Cat (bottom panel). The positions of c-Src, 
phosphorylated (P in a circle) MUC1, and P-catenin ("P-Cat") on the immunoblots are 
indicated. 

Fig. 4C is a series of three photographs of immunoblots. 293 cells were transiently 
30 transfected with: an expression vector containing cDNA encoding MUC1 ("293/MUC1"); 
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an expression vector containing cDNA encoding MUC1 and an expression vector encoding 
c-Src ("293/MUCl+c-Src"); or an expression vector containing cDNA encoding MUC1 
with the tyrosine residue at position 46 of the CD mutated to phenylalanine and an 
expression vector encoding c-Src ( (t 293/MUCl(Y46F)+c-Src"). Lysates from these ceils 

5 were irnmunoprecipitated with either normal mouse IgG ("IgG") or anti-MUCl ("IP: anti- 
MUCl"). The immunoprecipitates as well as unprecipitated lysate ("Lysate") from the 
cells transfected with the c-Src-expressing vector were subjected to immunoblot analysis 
with anti-c-Src ("IB: anti-c-Src") (top panel) or anti-P-Tyr ("IB: anti-P-Tyr") (middle 
panel), or anti-P-Cat (bottom panel). The positions of c-Src, phosphorylated (P in a circle) 

10 MUC1, and p-catenin ("P-Cat") on the immunoblots are indicated. 

Fig. 5A is pair of photographs of immunoblots. Lysates of ZR-75-1 breast cancer 
cells were irnmunoprecipitated ("IP") with anti-MUCl ("anti-MUCl") or control IgG 
("IgG"). The resulting immunoprecipitates and unprecipitated lysate were subjected to 
immunoblot analysis with antibody specific for pl20 ("IB: anti-pl20") (top panel) or anti- 

15 MUC1 ("IB: anti-MUCl") (bottom panel). The positions of pl20 and MUC1 on the 
immunoblots are indicated. 

Fig. 5B is pair of photographs of immunoblots. Lysates of ZR-75-1 breast cancer 
cells were irnmunoprecipitated ("IP") with anti-pl20 ("anti-pl20") or control IgG ("IgG"). 
The immunoprecipitates and unprecipitated lysate were subjected to immunoblot analysis 

20 with anti-pl20 ("IB: anti-pl20") (bottom panel) or anti-MUCl ("IB: anti-MUCl") (top 
panel). The positions of pi 20 and MUC1 on the immunoblots are indicated. 

Fig. 6 A is a schematic representation of the structure of wild-type MUC1 
("MUC1") and MUC1 lacking its cytoplasmic domain ("MUCl/dCD"). TR, tandem repeat 
domain; TM, transmembrane domain; CD, cytoplasmic domain. 

25 Fig. 6B is: a table indicating the vectors and the amounts (in of expression 

vectors used to transiently transfect five aliquots of 293 cells (top panel); and three 
photographs of immunoblots. The vectors used were a control expression vector 
("Vector"), an expression vector containing a cDNA sequence encoding MUC1 ("MUC1"), 
an expression vector containing a cDNA sequence encoding MUCl/dCD ("MUCl/dCD"), 

30 and an expression vector containing a cDNA sequence encoding pl20. Forty-eight hours 
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after transfection, the five transfected cell populations were lysed. An aliquot of each 
lysate was immunoprecipitated with anti-MUCl ('TP: anti-MUCl"), and the 
immunoprecipitate was subjected to immunoblot analysis with anti-pl20 ("IB: anti-pl20") 
(top immunoblot), Aliquots of each lysate were subjected directly to immunoblot analysis 

5 with anti-MUCl ("IB : anti-DF3-E") (middle immunoblot) or anti-p 120 ("IB: anti-p 1 20") 
(bottom immunoblot). The positions of MUC1 , MUCl/dCD, and pl20 on the 
immunoblots are indicated. 

Fig. 6C is a photograph of an immunoblot. Purified recombinant MUC1/CD was 
incubated with GST ("GST") or GST fused to pl20 ("GST-pl20"). The resulting mixtures 

10 were incubated with glutathione-Sepharose 4B™ beads, and proteins precipitated by the 
beads were subjected to immunoblot analysis with anti-MUCl/CD. The position of 
MUC 1/CD on the immunoblot is indicated. 

Fig. 7A is a depiction of the amino acid sequences of MUC1/CD (SEQ ID NO:l) 
(top sequence), the N-terminal region of MUC1/CD ("N-MUCl/CD") (SEQ ID NO:5) 

15 (middle sequence), and the C-terminal region of MUC1/CD ("C-MUC1/CD") (SEQ ID 
NO:6) (bottom sequence). The numbers indicate amino acid positions in MUC1/CD (SEQ 
ID NO:l). The P-catenin-binding site is boxed. The GSK3p-binding and phophorylation 
site is singly underlined and the pl20-binding site is doubly underlined. 

Fig. 7B is a photograph of an immunoblot. In the table above the immiuioblot is 

20 indicated which of GST and GST-pl20 was incubated with either MUC1/CD, N- 

MUC1/CD, or C-MUC1/CD recombinant protein. Four samples containing the indicated 
mixtures of proteins were subjected to immunoblot analysis with anti-MUCl/CD ("IB: 
anti-MUCl/CD"). 

Fig. 7C is a pair of photographs of immunoblots. In the table above the 

25 immunoblots is indicated the mixtures of MUC1/CD, GST-pl20, and GST which were 
incubated in the absence of inhibitor peptide (first and fourth lanes of both immunoblots) 
or in the presence of either a peptide with the amino acid sequence MSEYPTYHTH (SEQ 
ID NO:7) or a peptide with the amino acid sequence GRYVPPSSTDR (SEQ ID NO:8). 
The four mixtures were incubated with glutathione-Sepharose 4B™ beads and proteins 

30 precipitated by the beads were subjected to immunoblot analysis with anti-MUCl/CD 
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("IB: anti-MUCl/CD") (top immunoblot) or anti-p!20 ("IB: anti-pl20") (top 
immunoblot). The positions of MUC1/CD and pl20 on the immunoblots are indicated. 

Fig. 8 A is a series of photographs of immunoblots. 293 cells were transiently 
transfected with a control expression vector ("Vector") or an expression vector containing a 

5 cDNA sequence encoding wild-type MUC1 ("MUC1"). Solubilized cytoplasmic ("Cyto") 
and nuclear ("Nuc") fractions were prepared from the transfected cells and subjected to 
immunoblot analysis with anti-pl20 ("IB: anti-pl20") (top two immunoblots), anti-MUCl 
("IB: anti-MUCl") (middle two immunoblots), or an antibody specific for actin ("IB: anti- 
actin") (bottom two immunoblots). The positions of pi 20, MUCl, and actin on the 

10 immunoblots are indicated. 

Fig. 8B is a series of photographs of immunoblots. MDA-MB-231 cells were 
transiently transfected with a control expression vector ("Vector") or an expression vector 
containing a cDNA sequence encoding wild-type MUC1 ("MUCl"). Solubilized 
cytoplasmic ("Cyto") and nuclear ("Nuc") fractions were prepared from the transfected 

15 cells and subjected to immunoblot analysis with anti-pl20 ("IB: anti-pl20") (top two 
immunoblots), anti-MUCl ("IB: anti-MUCl") (middle two immunoblots), or an antibody 
specific for actin ("IB: anti-actin") (bottom two immunoblots). The positions of pi 20, 
MUCl, and actin on the immunoblots are indicated. 

Fig. 9A is a pair of photographs of immunoblots. ZR-75-1 breast cancer cells were 

20 lysed and the lysate was immunoprecipitated ("IP") with normal IgG ("IgG") or anti- 
MUCl ("anti-MUCl"). The immunoprecipitates and aliquots of the lysate that had not 
been immunoprecipitated ("Lysate") were subjected to immunoblot analysis with an 
antibody specific for epidermal growth factor receptor (EGF-R) ("IB: anti-EGF-R") (top 
immunoblot) or anti-MUCl ("IB: anti-MUCl") (bottom immunoblot). The positions of 

25 EGF-R and MUCl on the immunoblots are indicated. 

Fig. 9B is a pair of photographs of immunoblots. ZR-75-1 breast cancer cells were 
lysed and the lysate was immunoprecipitated ("IP") with normal IgG ("IgG") or anti-EGF- 
R ("anti-EGF-R"). The immunoprecipitates and aliquots of the lysate that had not been 
immunoprecipitated ("Lysate") were subjected to immunoblot analysis with an antibody 

30 specific for epidermal growth factor receptor (EGF-R) ("IB: anti-EGF-R") (bottom 



11 



WO 02/058450 



PCT/US01/49923 



immunoblot) or anti-MUCl ("IB: anti-MUCl") (top immunoblot). The positions of EGF- 
R and MUC1 on the immunoblots are indicated. 

Fig. 9C is a pair of photographs of immunoblots. 293 cells were transiently 
transfected with either an expression vector containing a cDNA sequence encoding EGF-R 

5 ("293/EGF-R") or with an expression vector containing a cDNA sequence encoding EGF- 
R and an expression vector containing a cDNA sequence encoding MUC1 ("293/EGF- 
R+MUC1"). The transfected cells were lysed and the lysates were immune-precipitated 
("IP") with anti-MUCl ("anti-MUCl"). The immunoprecipitates and an aliquot of the 
lysate of the cells transfected with vectors encoding both EGF-R and MUC1 that had not 

10 been immunoprecipitated were subjected to immunoblot analysis with anti-EGF-R ("IB: 
anti-EGF-R") (top immunoblot) or anti-MUCl ("IB: anti-MUCl") (bottom immunoblot). 
The positions of EGF-R and MUC-1 on the immunoblots are indicated. 

Fig. 9D is a pair of photographs of immunoblots. 293 cells were transiently 
transfected with: an expression vector containing a cDNA sequence encoding EGF-R 

15 ("293/EGF-R"); or with an expression vector containing a cDNA sequence encoding EGF- 
R and an expression vector containing a cDNA sequence encoding MUC1 ("293/EGF- 
R+MUC1"). The transfected cells were lysed and the lysates were immunoprecipitated 
("IP") with anti-EGF-R ("anti-EGF-R"). The immunoprecipitates were subjected to 
immunoblot analysis with anti-EGF-R ("IB: anti-EGF-R") (bottom immunoblot) or and- 

20 MUC1 ("IB: anti-MUCl") (top immunoblot). The positions of EGF-R and MUC-1 on the 
immunoblots are indicated. 

Figs 10A and 1 0B are a series photomicrographs of ZR-75-1 breast cancer cells 
that had been cultured in the absence ("-EGF" ; Fig. 10A) or presence ("+EGF"; 10 ng/ml; 
Fig. 10B) of epidermal growth factor (EGF) for 5 min. The cells were double-stained with 

25 anti-EGF-R (labeled with a fluorophore emitting green fluorescence) or anti-MUCl 
(labeled with a fluorophore emitting red fluorescence). In the left two panels green 
fluorescence ("anti-EGF-R") is visualized, in the middle two panels red fluorescence 
("anti-MUCl") is visualized, and in the right two panels the green fluorescent images were 
overlaid on the red fluorescent images ("Overlay"). 
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Fig. 1 1 A is a pair of photographs of immunoblots. ZR-75-1 breast cancer cells that 
had been cultured in the absence ("ZR-75-1") or presence ("EGF"; 10 ng/ml) of EGF for 5 
min were lysed and the lysates were immunoprecipitated ("IP") with anti-MUCl ("anti- 
MUC1 "). The immunoprecipitates were subjected to immunoblot analysis with anti-P-Tyr 

5 ("IB: anti-P-Tyr") (top immunoblot) or anti-MUCl ("IB: anti-MUCl ") (bottom 

immunoblot). The positions of phosphorylated (P in a circle) MUC1 and MUC1 on the 
immunoblots are indicated. 

Fig, 1 IB is a pair of photographs of immunoblots. 293 cells were transiently 
transfected with an expression vector containing a cDNA sequence encoding EGF-R and 

1 o an expression vector containing a cDNA sequence encoding MUC 1 ("293/EGF- 

R+MUC1"). The transfected cells were cultured in the absence ( M ZR-75-l") or presence 
("EGF"; 10 ng/ml) of EGF for 5 min. and then lysed. The lysates were 
immunoprecipitated ("IP") with anti-MUCl ("anti-MUCl"). The immunoprecipitates were 
subjected to immunoblot analysis with anti-P-Tyr ("IB: anti-P-Tyr") (top immunoblot) or 

15 anti-MUCl ("IB: anti-MUCl") (bottom immunoblot). The positions of phosphorylated 
MUC land MUC-1 on the immunoblots are indicated. 

Fig. 11C is a photograph of an autoradiogram (top panel) and a Coomassie blue- 
stained SDS-PAGE gel (bottom panel). Purified recombinant wild-type ("Wt") and mutant 
MUC1/CD proteins (see below) were incubated with purified recombinant EGF-R and [y- 

20 32 P] ATP. The reaction products were analyzed by SDS-PAGE and autoradiography (top 
panel). The gel used for autoradiography was also stained with Coomassie blue in order to 
assess the relative levels of protein loading onto the gel (bottom panel). The mutant 
MUC1/CD proteins had tyrosine residues at positions 46 ("Y46F"), 8 ("Y8F"), 20 
("Y20F"), 26 ("Y26F"), and 35 ("Y35F") of MUC1/CD (SEQ ID NO:l) mutated to 

25 phenylalanine. 

Fig. 1 ID is a pair of photographs of immunoblots. HCT1 16 cells were transiently 
transfected with: a control expression vector ("HCT1 16/Vector"; first two lanes of 
immunoblots); an expression vector containing a cDNA sequence encoding MUC1 
("HCT1 16/MUC1"; middle two lanes of immunoblots); or an expression vector containing 
30 a cDNA sequence encoding MUC1 with the tyrosine residue at position 46 of MUC1/CD 
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mutated to phenylalanine ("HCT116/MUC1 (Y46F)"; last two lanes of immunoblots) . 
The transfected cells were cultured in the absence (lanes indicated by the acronym for the 
relevant transfected cells) or presence (lanes indicated by "+EGF") of EGF (10 ng/ml) for 
5 min. and then lysed. The lysates were immunoprecipitated ("IP") with anti-MUCl 

5 ("anti-MUC 1 "). The immunoprecipitates were subjected to immunoblot analysis with anti- 
P-Tyr ("IB: anti-P-Tyr") (top immunoblot) or anti-MUCl ("IB: anti-MUCl") (bottom 
immunoblot). The positions of phosphorylated (P in a circle) MUC1 and MUC-1 on the 
immunoblots are indicated. 

Fig. 12A is a series of five photographs of immunoblots and a Coomassie blue- 

1 o stained SDS-PAGE gel. Purified recombinant wild-type MUC1/CD or purified 
recombinant mutant MUC1/CD (Y46F) were incubated with and without purified 
recombinant EGF-R and with and without ATP as indicated in the table at the top of the 
figure. Either GST-Src-SH2 (top three photographs) or GST-P-catenin (bottom two 
photographs) was added to these reaction mixtures. The reaction mixtures were incubated 

1 5 with glutathione-Sepharose 4B ™ beads and proteins precipitated by the beads were 
subjected to immunoblot analysis with anti-P-Tyr ("IB: anti-P-Tyr") (first panel), anti- 
MUC1/CD ("IB: anti-MUC 1/CD") (second and fourth panel), or anti-p-catenin ("IB: anti- 
P-catenin") (fifth panel). Equal loading of proteins to the lanes of SDS-PAGE gels is 
shown by the Coomassie blue-stained gel used for immunoblot analysis shown in the 

20 second panel and by the immunoblot shown in the fifth panel. The positions of 

phosphorylated MUC1/CD, MUC1/CD, GST-Src-SH2, and P-catenin on the immunoblots 
and the Coomassie blue-stained gel are indicated. 

Fig.'l2B is a series of three photographs of immunoblots. ZR-75-1 breast cancer 
cells that had been cultured in the absence ("ZR-75-1") or presence ("EGF"; 10 ng/ml) of 

25 EGF for 5 min were lysed and the lysates were immunoprecipitated ("IP") with anti-MUCl 
("anti-MUCl"). The immunoprecipitates were subjected to immunoblot analysis with anti- 
c-Src ("IB: anti-c-Src") (top immunoblot), anti-p-catenin ("IB: anti-p-catenin") (middle 
immunoblot), or anti-MUCl ("IB: anti-MUCl") (bottom immunoblot). The positions of 
c-Src, p-catenin, and MUC1 on the immunoblots are indicated. 



14 



WO 02/058450 



PCT/US01/49923 



Fig. 12C is a series of three photographs of immunoblots. HCT1 16 cells were 
transiently transfected with: a control expression vector ("HCT1 16/Vector"; first two lanes 
of immunoblots); an expression vector containing a cDNA sequence encoding MUC1 
("HCT1 1 6/MUC1"; middle two lanes of immunoblots); or an expression vector containing 
5 a cDNA sequence encoding MUC 1 with the tyrosine residue at position 46 of MUC 1/CD 
mutated to phenylalanine ("HCT1 16/MUC1 (Y46F)"; last two lanes of immunoblots). 
The transfected cells were cultured in the absence (lanes indicated by the acronym for 
relevant transfected cells) or presence (lanes indicated by "+EGF ,f ; 10 ng/ml) of EGF for 5 
min. and then lysed. The lysates were immunoprecipitated ("IP") with anti-MUCl ("anti- 

1 o MUC 1 "). The immunoprecipitates were subj ected to immunoblot analysis with anti-c-Src 
("IB: anti-c-Src") (top immunoblot), anti-P-catenin ("IB: anti-P-catenin") (middle 
immunoblot), or anti-MUCl ("IB: anti-MUCl") (bottom immunoblot). The positions of c- 
Src, p-catenin, and MUC-1 on the immunoblots are indicated. 

Fig. 1 2D is a depiction of the amino acid sequence of MUC 1/CD (SEQ ID NO:l). 

15 Tyrosine residues (Y) at positions 8, 20, 26, 35, and 46 are shown in bold and are 

underlined. The GSK3p-binding and phosphorylation site (STDRS; SEQ ID NO:9), the c- 
Src-binding sequence (YEKV; SEQ ID NO: 10), and the P-catenin-binding sequence 
(SAGNGGSSLS; SEQ ID NO:l 1) are indicated. 

Fig. 13A is a pair of photographs of immunoblots. A lysate of ZR-75-1 breast 

20 cancer cells was immunoprecipitated with control mouse IgG (left lane in both panels), 
anti-MUCl ("anti-MUCl"; middle lane, left panel), or antibody specific for PKC5 ("anti- 
PKC8"; middle lane, right panel). The immunoprecipitates were subjected to immunoblot 
analysis with anti-PKC8 (left panel) ("IB: anti- PKC8") or anti-MUCl (right panel) ("IB: 
anti-MUCl"). An aliquot of the lysate not subjected to immunoprecipitation was also 

25 analyzed by immunoblot analysis ("Lysate"; right lane of both panels). The positions of 
PKC5 and MUC1 on the immunoblots are indicated. 

Fig. 13B is a series of three photographs of immunoblots. A lysate from ZR-75-1 
breast cancer cells was immunoprecipitated with control mouse IgG (left lane in all three 
panels) or anti-MUCl ("anti-MUCl ";middle lane in all three panels). The 

30 immunoprecipitates were subjected to immunoblot analysis with antibody specific for 
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protein kinase CPn (top panel) ("IB: anti- PKCPi"), antibody specific for protein kinase 
Cr| (middle panel) ("IB: anti-PKCr]"), or antibody specific for protein kinase Cji (bottom 
panel) ("IB: anti-PKCu"). An aliquot of the lysate not subjected to immunoprecipitation 
was also analyzed by immunoblot analysis ("Lysate"; right lane of all three panels). The 

5 positions of PKCPh, PKCt] and PKCp, on the immunoblots are indicated. 

Fig. 13C is a pair of photographs of immunoblots. 293 cells were transiently 
transfected with: an expression vector containing a cDNA sequence encoding MUC1 
("MUCl"); or with an expression vector containing a cDNA sequence encoding MUC1 
and an expression vector containing a cDNA sequence encoding PKC5 ("MUC1+PKC8"). 

10 The transfected cells were lysed and the lysates were immunoprecipitated ("IP") with 
mouse IgG ("IP: IgG") (first lane of both panels) or anti-MUCl ("IP: anti-MUCl") 
(second and third lanes of both panels). The immunoprecipitates were subjected to 
immunoblot analysis with anti-PKC5 ("IB: anti-PKC5") (top panel) or anti-MUCl ("IB: 
anti-MUCl") (bottom panel). An aliquot of the lysate not subjected to 

15 immunoprecipitation was also analyzed by immunoblot analysis ("Lysate"; fourth lane of 
both panels). The positions of PKC5 and MUC-1 on the immunoblots are indicated. 

Fig. 1 3D is a photograph of an immunoblot. Purified recombinant PKC5 
("PRCS*") was incubated with GST or GST fused to MUC1/CD ("GST-MUC1/CD"). 
Proteins precipitated from these mixtures with glutathione-Sepharose 4B™ beads were 

20 subjected to immunoblot ("IB") analysis with anti-PKC5 ("IB: anti-PKC5"), The position 
of PKC5 on the immunoblot is indicated. 

Fig. 14A is a photograph of an autoradiogram. Purified recombinant PKC8 
("+PKC8") was incubated with [y- 32 P] ATP and GST or GST-MUC1/CD. The reaction 
products were analyzed by SDS-PAGE and autoradiography. The positions of PKC5 and 

25 phosphorylated (P in a circle) GST-MUC1/CD on the autoradiogram are indicated. 

Fig. 14B is a schematic representation of the structure of wild-type MUC1 and a 
depiction of the sequences of amino acids 38-45 of MUC1/CD as they occur in: wild-type 
MUC1 ("MUC1/CD (WT)") (SEQ ID NO:16); MUC1 in which the threonine residue at 
position 41 of MUC1/CD is mutated to alanine ("MUC1/CD(T41A)") (SEQ ID NO:17); 

30 MUC1 in which the serine residue at position 44 of MUC1/CD is mutated to alanine 
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("MUC1/CD(S44A)") (SEQ ID NO: 18); MUC1 in which the serine residue at position 40 
of MUC1/CD is mutated to alanine ("MUC1/CD(S40A)") (SEQ ID NO:19); and MUC1 in 
which the serine residue at position 40 and the serine residue at position 44 of MUC1/CD 
are mutated to alanine ("MUC1/CD (S40A/S44A)") (SEQ ID NO:20). Also indicated 

5 above each of these amino acid sequences are the nucleotide sequences encoding the 
amino acid sequences (SEQ ID NOS:21-25). The numbers indicate amino acid positions 
in MUC1/CD (SEQ ID NO:l). TR, tandem repeat domain; TM, transmembrane domain; 
CD, cytoplasmic domain. 

Fig. 14C is a photograph of an autoradiograrn (top panel) and a Coomassie blue- 

10 stained SDS-PAGE gel (bottom panel). Purified recombinant PKC6 was incubated with 
wild-type MUC1/CD or one of four mutant MUC1/CD proteins (containing the mutations 
indicated in Fig. 14B) and [y- 32 P] ATP. The reaction products were analyzed by SDS- 
PAGE and autoradiography (top panel). The gel used for autoradiography was also stained 
with Coomassie blue in order to assess relative levels of protein loading onto the gel. The 

15 positions of PKCS and MUC1/CD on the autoradiograrn and the Coomassie blue-stained 
SDS-PAGE gel are indicated. 

Fig. 14D is a pair photographs of immunoblots. The table above the top 
imrnunoblot indicates the presence ("+") or absence ("-") of various components [PKC8, 
ATP, wild type MUC1/CD ("MUC1/CD + PKC5"), and mutant MUC1/CD (T41 A) 

20 ("MUC1/CD(T41A) + PKC8")] of a series of six phosphorylation reaction mixtures. As 
indicated in the table, GST-P-catenin was added to all the reaction mixtures after 
completion of the phosphorylation reaction. The reaction mixtures were then incubated 
with glutathione-Sepharose 4B™ beads and proteins precipitated by the beads were 
subjected to imrnunoblot analysis with anti-MUCl/CD ("IB: anti-MUCl/CD") (top panel) 

25 or anti-PKC5 ("IB: anti-PKC5") (bottom panel). 

Fig. 15A is a pair of photographs of immunoblots. 293 cells were transiently 
transfected with: an expression containing cDNA encoding MUC1 and an expression 
vector encoding green fluorescent protein (GFP) fused to PKC5 ("MUC 1 +GFP-PKC8"); 
an expression vector containing cDNA encoding MUC1 and an expression vector encoding 

30 GFP fused to the kinase-inactive PKC8 mutant PKC8(K378R) ( U MUC1+GFP-PKCS(K- 
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R)") ; or an expression vector containing cDNA encoding MUC1 with the threonine 
residue at position 41 of the CD mutated to alanine and an expression vector encoding GFP 
fused to PKC8 ("MUC1(T41 A)+GFP-PKC5"). Lysates from these cells were 
immunoprecipitated with anti-MUCl ("IP: anti-MUCl"). The immunoprecipitates were 
5 subjected to immunoblot analysis with anti-P-catenin ("IB: anti-P-catenin") (top panel) or 
anti-MUCl ("IB: anti-MUCl") (bottom panel). The positions of p-catenin, IgG, and 
MUC1 on the immunoblots are indicated. 

Fig. 15B is a pair of photographs of immunoblots. HCT1 16 cells were stably 
transfected with: a control expression vector ("HCT116/V"); an expression vector 

1 o containing a cDNA sequence encoding MUC1 ("HCT1 1 6/MUC1 "); or an expression 

vector containing a cDNA sequence encoding MUC1 with the threonine residue at position 
41 of MUC1/CD mutated to alanine ("HCT116/MUC1 (T41A)"). Lysates prepared from 
the transfected cells were immunoprecipitated with anti-MUCl and the 
immunoprecipitates were subjected to immunoblot analysis with anti-MUCl ("IB: anti- 

15 MUC1") (top panel) or anti-P-catenin ("IB: anti-P-catenin"). The positions of MUC-1 and 
p-catenin on the immunoblots are indicated. 

Fig. 15C is apair of photographs of immunoblots. HCT116 cells were stably 
transfected with: a control expression vector ("HCT116/V"); an expression vector 
containing a cDNA sequence encoding MUC1 ( M HCT116/MUC1 M ); or an expression 

20 vector containing a cDNA sequence encoding MUC1 with the threonine residue at position 
41 of MUC1/CD mutated to alanine ("HCT116/MUC1 (T41A)"). The left three lanes of 
the immunoblots contain material immunoprecipitated (as decribed below) from these 
transfected cells. The right three lanes of the immunoblots contain material 
immunoprecipitated (as decribed below) from cells transfected as described for the left 

25 three lanes but additionally transfected with an expression vector containing a cDNA 
sequence encoding GFP-PKC5 ("+GFP-PKC5"). Lysates prepared from the transfected 
cells were immunoprecipitated with anti-E-cadherin ("IP: anti-E-cadherin") and the 
immunoprecipitates were subjected to immunoblot analysis with anti-P-catenin ("IB: anti- 
P-catenin") (top panel) or anti-E-cadherin ("IB: anti-E-cadherin") (bottom panel). The 

30 positions of p-catenin and E-cadherin on the immunoblots are indicated. 
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Fig. 16A is a series of photomicrographs. HCT116/V, HCT116/MUC1 and 
HCT1 16/MUC1(T41 A) cells (see Fig. 15C) were incubated in soft agar for three weeks. 
The analysis was carried out on two independently selected clones ("1" and "2") of each 
tranfectant cell line. 

5 Fig. 16B is a bar graph showing the number of colonies obtained in three culture 

dishes of each of the transfectant clones shown in Fig. 16B. V-l, clone 1 of HCT1 16/V; 
V-2, clone 2 of HCT1 16/V; MUC1-1, clone 1 of HCT116/MUC1; MUC1-2, clone 2 of 
HCT116/MUC1; T41A-1, clone 1 of HCT116/MUC1(T41A); T41A-2, clone 2 of 
HCT116/MUC1(T41A). 

10 Fig. 16C is a depiction of the amino acid sequence of MUC1/CD (SEQ ID NO: 1). 

The PKC5 phosphorylation site (T41), the GSK3P phosphorylation site (S44), the start of 
the EGF-R and c-Src SH2 binding motif (Y46), and the p-catenin binding site are 
indicated. 

1 5 DETAILED DESCRIPTION 

The inventors have found that the tyrosine kinase c-Src binds via its SH3 domain 
to, and phosphorylates, the cytoplasmic domain (CD) of the human mucin molecule 
MUC1 . In addition to other sites, c-Src phosphorylates a tyrosine residue in the a YEKV 
site in the CD of MUC1 (MUC1/CD), i.e., position 46 of SEQ ID NO:l . The SH2 domain 

20 of c-Src was found to bind to phosphorylated but not to unphosphorylated MUC1/CD. On 
the other hand, c-Src-mediated phosphorylation of MUC1/CD leads to decreased ability of 
MUC1/CD and glycogen synthase kinase 30 (GSK3P) to physically associate with each 
other. This observation was made both in cells and in a cell-free system. 

It was previously shown that phosphorylation of MUC1 by GSK30 leads to 

25 decreased binding of p-catenin to MUC1 [Li et al. (1998) Mol. Cell Biol 18:7216-7224]. 
The inventors have found that phosphorylation of MUC1 by c-Src leads to increased 
binding of p-catenin to MUC1/CD and that phosphorylation of the tyrosine residue in 
position 46 of the MUC1/CD (SEQ ID NO:l) is necessary for binding of P-catenin to 
MUC1/CD. These findings were obtained in cells and in a cell-free system. 
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The inventors also observed that the epidermal growth factor receptor (EGF-R) 
with tyrosine activity binds to and phosphorylates the CD of MUC1. Confocal microscopy 
experiments showed, before and after exposure of cells to empidermal growth factor 
(EGF), colocalization of MUC1 and EGF-R in the cell membrane. While the distrubution 

5 was uniform in unstimulated cells, it was "patchy" in the cells stimulated with EGF. 
Phosphorylation of the CD of MUC1 by EGF-R occurs at, in addition to other sites, the 
tyrosine at position 46 of SEQ ID NO: 1 . Moreover, phosphorylation of the CD of MUC 1 
by EGF-R results in enhanced physical association between the MUC1 and both c-Src and 
P-catenin and this binding was, at least in part, dependent on the phosphorylation of 

10 tyrosine at position 46 of SEQ ID NO: 1 . 

Experiments of the inventors showed moreover that the threonine kinase PKC8 
binds to and phosphorylates the CD of MUC 1. Furthermore, phosphorylation of the CD of 
MUC1 by PKC5 enhances binding of P-catenin to the CD of MUC1 . This observation 
was made both in a cell-free system and in cells. Phosphorylation of threonine at position 

15 4 1 of the CD domain (SEQ ID NO: 1) of MUC 1 by PKC5 seemed to be largely responsible 
for the enhanced binding of p-catenin to the CD of MUC 1 . 

In addition, the inventors have also discovered that a member of the Armadillo 
repeat domain family, pl20 ctn (pi 20), associates with MUC1 via the CD of MUC1 . 
Binding inhibition experiments indicate that pi 20 binds to the CD of MUC1 via a region 

20 of the CD of MUC1 that includes the amino acid sequence MSEYPTYHTH (SEQ ID 
NO:7). Expression of MUC1 in cells that do not naturally express it resulted in increased 
levels of pl20 in the cell nuclei. It is likely that a complex of MUC1 and pl20 is 
transported to the nucleus. 

Expression of recombinant, wild-type MUC1 by HQT116 colon cancer cells was 

25 associated with decreased binding of P-catenin to E-cadherin. Moreover, expression of 
wild-type MUC1 by HCT116 cells resulted in increased anchorage-independent growth of 
the cells. 

P-catenin binds to E-cadherin and, in the form of the resulting complex, is a 
component of the adherens junctions of mammalian epithelial cells, p 120 also localizes to 
30 cell junctions. Thus, increased binding of p-catenin and/or pl20 to MUC1 in cancer cells 
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results in lower availability of p-catenin and/or pi 20 to be components of cell junctions 
and this, in turn, results in decreased avidity of cancer cell-to-cancer cell adhesion, and 
hence enhanced metastatic potential of relevant cancer cells. This concept is strongly 
supported by the above-mentioned experiments showing that expression of wild-type (but 

5 not mutant) MUC1 is associated with decreased binding of P-catenin to E-cadherin. 

In addition, both P-catenin and pi 20 are involved in gene activation. In view of the 
fact that both P-catenin and pi 20 appear to be transported to the nucleus in the form of 
complexes with MUC1 subsequent to their binding of MUC1, binding of either to MUC1 
can lead to enhanced gene activation and consequent enhanced tumor growth. 

10 Thus, binding of P-catenin and /or pl20 to MUC1 can increase tumor progression 

(by both increased cancer cell growth and metastatic potential). Moreover, in view of (1) 
the ability of c-Src, EGF-R, and PKC5 to bind to MUC1 and, by phosphorylation of 
MUC1, to enhance binding of P-catenin to MUC1 and (2) the ability of EGF-R to bind to 
MUC1 and, by phosphorylation of MUC1, regulate binding of c-Src to MUC1, c-Src, 

15 EGF-R, and PKC5 are likely to be indirectly involved in enhancing cancer cell 

progression. In contrast, since phosphorylation of MUC1 by GSK3P leads to decreased 
binding of P-catenin to MUC1, GSK3P likely inhibits cancer cell progression. 

The inventors have demonstrated oncogenic activity of MUC1 in that normal 3Y1 
mouse fibroblasts transfected with and expressing cDNA encoding MUC1 formed tumors 

20 when injected into nude mice. In addition, the role of MUC1 in enhancing cancer cell 
growth is shown by the fact that, as mentioned above, expression of wild-type MUC1 by 
HCT1 16 cells resulted in increased anchorage-independent growth of the cells. 

Methods of Screening for Compounds 
25 The invention provides in vitro methods for identifying compounds (small 

molecules or macromolecules) that: (a) inhibit binding of tumor progressors (e.g., p- 
catenin, pl20, c-Src, EGF-R, or PKC5) to MUC1; (b) enhance binding of GSK3P to 
MUC1 ; and (c) inhibit phosphorylation by tumor progressors (e.g., c-Src, EGF-R, or 
PKC8). 
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These methods can be performed using: (a) isolated MUC1 test agents, tumor 
progressor test agents, and GSK3P test agents; or (b) cells expressing a MUC1 test agent 
and one or more of the tumor progressor test agents and/or a GSK3P test agent. 

The term "isolated" as applied to the above-listed polypeptide test agents refers to a 
5 polypeptide or a peptide fragments which either has no naturally-occurring counterpart or 
has been separated or purified from components which naturally accompany it, e.g., in 
tissues such as pancreas, liver, spleen, ovary, testis, muscle, joint tissue, neural tissue, 
gastrointestinal tissue or tumor tissue, or body fluids such as blood, serum, or urine. 
Typically, the polypeptide or peptide fragment is considered "isolated" when it is at least 

10 70%, by dry weight, free from the proteins and other naturally-occurring organic molecules 
with which it is naturally associated. Preferably, a preparation of a test agent is at least 
80%, more preferably at least 90%, and most preferably at least 99%, by dry weight, the 
test agent. Since a polypeptide that is chemically synthesized is, by its nature, separated 
from the components that naturally accompany it, a synthetic polypeptide test agent is 

15 "isolated." 

An isolated polypeptide test agent can be obtained, for example, by extraction from 
a natural source (e.g., from tissues); by expression of a recombinant nucleic acid encoding 
the polypeptide; or by chemical synthesis. A polypeptide test agent that is produced in a 
cellular system different from the source from which it naturally originates is "isolated," 

20 because it will necessarily be free of components which naturally accompany it. The 
degree of isolation or purity can be measured by any appropriate method, e.g., column 
chromatography, polyacrylamide gel electrophoresis, or HPLC analysis. 

Prior to testing, any of the test agents can undergo modification, e.g., 
phosphorylation or glycosylation by methods known in the art. Phosphorylation increases 

25 the binding of some the tumor progressors (e.g., c-Src and P-catenin) to the MUC1 CD. 

In methods of screening for compounds that inhibit or enhance binding of isolated 
MUC1 to an isolated tumor progressor or isolated GSK3p, respectively, a MUC1 test agent 
is contacted with a tumor progressor test agent or a GSK3p test agent in the presence of 
one or more concentrations of a test compound and binding between the two test agents in 

30 the presence and absence of the test compound is detected or measured. In such assays 
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neither of the test agents need be detectably labeled. For example, by exploiting the 
phenomenon of surface plasmon resonance, the MUC1 test agent can be bound to a 
suitable solid substrate and the tumor progressor (or GSK3P) test agent exposed to the 
substrate-bound MUC1 test agent in the presence and absence of the compound of interest. 

5 Binding of the tumor progressor (or GSK3J3) test agent to the MUC1 test agent on the 
solid substrate results in a change in the intensity of surface plasmon resonance that can be 
detected qualitatively or quantitatively by an appropriate instrument, e.g., a Biacore 
apparatus (Biacore International AB, Rapsgatan, Sweden). It will be appreciated that the 
experiment can be performed in reverse, i.e., with the tumor progressor (or GSK3P) test 

10 agent bound to the solid substrate and the MUC1 test agent added to it in the presence of 
the test compound. 

Moreover, assays to test for inhibition or enhancement of binding to MUC1 can 
involve the use, for example, of: (a) a single MUC1 -specific "detection" antibody that is 
detectably labeled; (b) an unlabeled MUCl-specific antibody and a detectably labeled 

15 secondary antibody; or (c) a biotinylated MUC1 -specific antibody and detectably labeled 
avidin. In addition, combinations of these approaches (including "multi-layer" assays) 
familiar to those in the art can be used to enhance the sensitivity of assays. In these 
assays, the tumor progressor (or GSK3P) test agent can be immobilized on a solid substrate 
such as a nylon or nitrocellulose membrane by, for example, "spotting" an aliquot of a 

20 sample containing the test agent onto a membrane or by blotting onto a membrane an 
electrophoretic gel on which the sample or an aliquot of the sample has been subjected to 
electrophoretic separation. The substrate-bound test agent is then exposed to the MUC1 
test agent in the presence and absence of the test compound. After incubating the resulting 
mixture for a period of time and at temperature optimized for the system of interest, the 

25 presence and/or amount of MUC1 test agent bound to the tumor progressor (or GSK3P) 
test on the solid substrate is then assayed using a detection antibody that binds to the 
MUC1 test agent and, where required, appropriate detectably labeled secondary antibodies 
or avidin. It will be appreciated that instead of binding the tumor progressor (or GSK3 P) 
test agent to the solid substrate, the MUC1 test agent can be bound to it. In this case 

30 binding of the tumor progressor (or GSK3P) test agent to the substrate-bound MUC1 is 
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tested by obvious adaptions of the method described above for substrate-bound tumor 
progressor (or GSK3 P) test agent. 

The invention also features "sandwich" assays. In these sandwich assays, instead 
of immobilizing test agents on solid substrates by the methods described above, an 

5 appropriate test agent can be immobilized on the solid substrate by, prior to exposing the 
solid substrate to the test agent, conjugating a second ("capture") test agent-specific 
antibody (polyclonal or mAb) to the solid substrate by any of a variety of methods known 
in the art. The test agent is then bound to the solid substrate by virtue of its binding to the 
capture antibody conjugated to the solid substrate. The procedure is carried out in 

10 essentially the same manner described above for methods in which the appropriate test 
agent is bound to the solid substrate by techniques not involving the use of a capture 
antibody. It is understood that in these sandwich assays, the capture antibody should not 
bind to the same epitope (or range of epitopes in the case of a polyclonal antibody) as the 
detection antibody. Thus, if a mAb is used as a capture antibody, the detection antibody 

15 can be either: (a) another mAb that binds to an epitope that is either completely physically 
separated from or only partially overlaps with the epitope to which the capture mAb binds; 
or (b) a polyclonal antibody that binds to epitopes other than or in addition to that to which 
the capture mAb binds. On the other hand, if a polyclonal antibody is used as a capture 
antibody, the detection antibody can be either (a) a mAb that binds to an epitope that is 

20 either completely physically separated from or partially overlaps with any of the epitopes 
to which the capture polyclonal antibody binds; or (b) a polyclonal antibody that binds to 
epitopes other than or in addition to that to which the capture polyclonal antibody binds. 
Assays which involve the use of a capture and a detection antibody include sandwich 
ELISA assays, sandwich Western blotting assays, and sandwich immunomagnetic 

25 detection assays. 

Suitable solid substrates to which the capture antibody can be bound include, 
without limitation, the plastic bottoms and sides of wells of microliter plates, membranes 
such as nylon or nitrocellulose membranes, polymeric (e.g., without limitation, agarose, 
cellulose, or polyacrylamide) beads or particles. 
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Methods of detecting and/or for quantifying a detectable label depend on the nature 
of the label and are known in the art. Appropriate labels include, without limitation, 
radionuclides (e.g., I25 1, 13, 1, 35 S, 3 H, 32 P, or 14 C), fluorescent moieties (e.g., fluorescein, 
rhodamine, or phycoerythrin), luminescent moieties (e.g., Qdot™ nanoparticles supplied 

5 by the Quantum Dot Corporation, Palo Alto, CA), compounds that absorb light of a 
defined wavelength, or enzymes (e.g., alkaline phosphatase or horseradish peroxidase). 
The products of reactions catalyzed by appropriate enzymes can be, without limitation, 
fluorescent, luminescent, or radioactive or they may absorb visible or ultraviolet light. 
Examples of detectors include, without limitation, x-ray film, radioactivity counters, 

10 scintillation counters, spectrophotometers, colorimeters, fluorometers, luminometers, and 
densitometers. 

Candidate compounds can also be tested for their ability to inhibit or enhance 
binding of MUC1 to a tumor progressor (or GSK3P) in cells. The cells can either naturally 
express an appropriate MUC1 test agent and/or tumor progressor (or GSK3P) test agent of 

15 interest or they can recombinantly express either or both test agents. The cells can be 
normal or malignant and of any histological type, e.g., without limitation, epithelial cells, 
fibroblasts, lymphoid cells, macrophages/monocytes, granulocytes, keratinocytes, or 
muscle cells. Suitable cell lines include those recited in the examples, e.g., breast cancer or 
fibroblast cell lines. The test compound can be added to the solution (e.g., culture 

20 medium) containing the cells or, where the compound is a protein, the cells can 

recombinantly express it. The cells can optionally also be exposed to a stimulus of interest 
(e.g., a growth factor such as EGF) prior to or after exposure of the cells to the compound. 
Following incubation of cells expressing the test agents of interest in the absence or 
presence (optionally at various concentrations), physical association between the test 

25 agents can be determined microscopically using appropriately labeled antibodies specific 
for both test agents, e.g., by confocal microscopy. Alternatively, the cells can be lysed 
under non-dissociating conditions and the lysates tested for the presence of physically 
associated test agents. Such methods include adaptions of those described using isolated 
test agents. For example, an antibody specific for one of the two test agents (test agent 1) 

30 can be bound to a solid substrate (e.g., the bottom and sides of the well of a microtiter plate 
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or a nylon membrane). After washing away unbound antibody, the solid substrate with 
bound antibody is contacted with the cell lysate. Any test agent 1 in the lysate, bound or 
not bound to the second test agent (test agent 2), will bind to the antibody specific for test 
agent 1 on the solid substrate. After washing away unbound lysate components, the 

5 presence of test agent 2 (bound via test agent 1 and the antibody specific for test agent 1 to 
the solid substrate) is tested for using a detectably labeled antibody (see above) specific for 
test agent 2. Alternatively, test agent 1 can be immunoprecipitated with an antibody 
specific for test agent 1 and the immunoprecipitated material can be subjected to 
electrophoretic separation (e.g., by polyacrylamide gel electrophoresis performed under 

10 non-dissociating conditions). The electrophoretic gel can then be blotted onto a membrane 
(e.g., a nylon or a nitrocellulose membrane) and any test agent 2 on the membrane detected 
and/or measured with a detectably labeled antibody (see above) specific for test agent 2 by 
any of the above-described methods. It is understood that in the above-described assays, 
test agent 1 can be either the MUC1 test agent or the tumor progressor (or GSK3|3) test 

1 5 agent or vice versa. 

The invention also relates to using MUC1 test agents and/or tumor progressor test 
agents to predict or design compounds that can interact with MUC1 and/or tumor 
progressors and potentially thereby inhibit the ability of MUC1 to interact with an 
appropriate tumor progressor. One of skill in the art would know how to use standard 

20 molecular modeling or other techniques to identify small molecules that would bind to 
appropriate sites on MUC1 and/or tumor progressors. One such example is provided in 
Broughton (1997) Curr. Opin. Chem. Biol. 1, 392-398. One can use similar molecular 
modeling methods to predict or design compounds that would, by binding to appropriate 
sites (e.g., allosteric sites) on either molecule, enhance the binding of MUC1 to GSK3p. 

25 The invention also provides methods to test for the ability of a compound to inhibit 

phosphorylation of MUC1 by a tumor progressor. Since binding of a tumor progressor 
with kinase activity to MUC1 is generally necessary for phosphorylation to occur, the 
above described methods to test for the ability of compound to inhibit the physical 
interaction between MUC1 and a tumor progressor are informative as to whether the test 

30 compound will inhibit phosphorylation of MUC1 by the tumor progressor. However 
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assays to test directly for inhibition of phosphorylation can also be performed. As for the 
binding inhibition/enhancement assays, methods to test for inhibition of phosphorylation 
can also be carried out using isolated test agents or test agents in cells. 

When using isolated test agents, two test agents (i.e., a MUC1 test agent and a 

5 tumor progressor test agent with kinase activity, e.g., c-Src, EGF-R, or PKC5) of interest, 
the test compound (optionally at a variety of concentrations), and source of phosphate ions 
(e.g., ATP) are mixed. The reaction mixture is incubated under conditions readily 
determinable by one of skill in the art and the presence of phosphate groups on MUC1 can 
tested for by any of a variety of methods known in the art. The MUC1 test agent (free or 

10 complexed with the tumor progressor agent) can be separated (e.g., by 

immunoprecipitation, electrophoretically, or by any suitable chromatographic method 
known in the art) from the reaction mixture and the presence of phosphate groups on the 
MUC1 test agent detected by any of a variety of methods known in the art. For example, if 
some or all the molecules of the source of phosphate ions (e.g., ATP) include a 

15 radionuclide (e.g., 32 P) in the phosphate ion, the phosphate groups on the separated 3VIUC1 
test agent can be detected and/or measured using a radioactivity or scintillation counter. 
Alternatively the reaction mixture (with or without immunoprecipitation) can be separated 
by electrophoresis (e.g, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE)) and the electrophoretic gel can be exposed to x-ray film. Phosphorylation of the 

20 relevant MUC1 test agent is evidenced by the presence of a dark band at an appropriate 
position (defined by the molecular weight of the MUC1 test agent) on the x-ray film. The 
degree of phosphorylation of the MUC1 test agent bands can be quantitated by 
densitometry. 

In other methods, the source of phosphate ions (e.g., ATP) need not contain a 
25 radionuclide. In this case, the reaction mixture, or the MUC1 tested agent separated (e.g., 
by immunoprecipitation) from the reaction mixture, can be subjected to electrophoresis. 
Phosphorylated versus non-phosphorylated MUC1 test agent can be discriminated purely 
on the basis of mobility shift. The more phosphate groups on a polypeptide, the slower the 
polypeptide migrates. Alternatively, the electrophoretic gel can be blotted onto a 
30 membrane and stained with an antibody specific for the phosphorylated amino acid of 
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interest; such amino acids include tyrosine, threonine, and serine. In yet another method, 
MUC1 separated from the reaction mixture (e.g., by immunoprecipitation or acid 
precipitation) can be digested with proteolytic enzymes and the resulting product subjected 
to, for example, mass spectroscopy or thin layer chromatography. Other methods for 
5 detecting and/or measuring phosphorylation of proteins are known in the art. 

When inhibition of phosphorylation is tested in cells, the cells can be as described 
for testing for inhibition of binding. The test mixture can contain an exogenous source of 
phosphate ions (e.g., ATP) or intracellular stores of appropriate molecules can be relied 
upon. Where it is desired to detect phosphate groups on a MUC1 test agent 

10 radiometrically, naturally an exogenous source of radiolabeled phosphate (e.g., [ 32 P]-ATP) 
is added to the reaction mixture. As for the binding inhibition assays, the test compound 
can be added to the solution containing the cells or the cells can express it recombinantly. 

A candidate compound whose presence requires at least 1 .5 fold (e.g., 2-fold, 4- 
fold, 6-fold, 10-fold, 100-fold, 1000-fold, 10,000 fold, or 100,000-fold) more of a given 

1 5 MUC1 test agent to achieve a defined arbitrary level of binding to a fixed amount of a 
tumor progressor test agent than is achieved in the absence of the compound can be useful 
for inhibiting the interaction between MUC1 and the relevant tumor progressor, and thus 
can be useful as a cancer therapeutic agent. Alternatively, a candidate compound whose 
presence requires at least 1.5 fold (e.g., 2-fold, 4-fold, 6-fold, 10-fold, 100-fold, 1000-fold, 

20 10,000 fold, or 100,000-fold) more of a given tumor progressor test agent to achieve a 
defined arbitrary level of binding to a fixed amount of a MUC1 test agent than is achieved 
in the absence of the compound can be useful for inhibiting the interaction between MUC1 
and the relevant tumor progressor, and thus can be useful as a cancer therapeutic agent. 
In addition, a candidate compound whose presence requires at least 1.5 fold (e.g., 

25 2-fold, 4-fold, 6-fold, 1 0-fold, 100-fold, 1000-fold, 10,000 fold, or 100,000-fold) less of a 
given MUC1 test agent to achieve a defined arbitrary level of binding to a fixed amount of 
a GSK3P test agent than is achieved in the absence of the compound can be useful for 
enhancing the interaction between MUC1 and GSK3p, and thus can be useful as a cancer 
therapeutic agent. Alternatively, a candidate compound whose presence requires at least 

30 1.5 fold (e.g., 2-fold, 4-fold, 6-fold, 10-fold, 100-fold, 1000-fold, 10,000 fold, or 100,000- 
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fold) less of a given GSK3|3 test agent to achieve a defined arbitrary level of binding to a 
fixed amount of a MUC1 test agent than is achieved in the absence of the compound can 
be useful for enhancing the interaction between MUC1 and GSK3|3, and thus can be useful 
as a cancer therapeutic agent. 

5 Moreover, a candidate compound whose presence requires at least 1.5 fold (e.g., 2- 

fold, 4-fold, 6-fold, 10-fold, 100-fold, 1000-fold, 10,000 fold, or 100,000-fold) more of a 
given tumor progressor test agent to achieve a defined arbitrary level of phosphorylation of 
a MUC1 test agent (under the conditions of the relevant assay) than is achieved in the 
absence of the compound can be useful for inhibiting phosphorylation of MUC1 by the 

10 relevant tumor progressor, and thus can be useful as a cancer therapeutic agent. 

Methods of Inhibiting Binding of MUC1 to B-catenin in a Cell 

The invention features a method of inhibiting binding of MUC1 to P-catenin in 
cell The method involves introducing into the cell a compound that inhibits: (a) the 

1 5 binding of a tumor progressor to the MUC1 (e.g., to the MUC1 cytoplasmic domain; 

and/or (b) phosphorylation of MUC1 (e.g., in the cytoplasmic domain of MUC1). Prior to 
introduction of the compound into the cell, the cell (or another cancer cell from the subject 
from which the cell to be treated was obtained) can optionally be tested for MUC1 
expression. This can be done by testing for expression of either MUC1 protein or MUC1 

20 mRNA by any of a wide variety of methods known in the art. 

The compound can be one identified by the methods described above. Compounds 
useful for this method include those that: (a) inhibit binding between MUC1 and a tumor 
progressor (and thus also inhibit phosphorylation of MUC1 by the tumor progressor where 
tumor progressor has kinase activity); and (b) those that do not necessarily inhibit binding 

25 of a tumor progressor but inhibit phosphorylation of MUC 1 by the tumor progressor. 

Examples of compounds in category (a) are peptide fragments of the CD of MUC 1 
that bind to tumor progressors (e.g., a peptide fragment containing or consisting of the 
amino acid sequence MSEYPTYHTH (SEQ ID NO:7)) and fragments of tumor 
progressors (substantially lacking kinase activity or lacking the ability to effect 

30 phosphorylation of the tyrosine residue at position 46 of the CD of MUC1 (SEQ ID NO:l)) 
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that bind MUC1. An appropriate fragment of the CD of MUC1 can be one containing or 
consisting of the amino acid sequence YEKV (SEQ ID NO:l 1) (e.g., a peptide containing 
or consisting of the amino acid sequence DRAPYEKV; SEQ ID NO: 1 2). Peptides 
containing the YEKV amino acid sequence can contain up to 50 (e.g., one, two, three, four, 

5 five, six, seven, eight, nine, ten, 12, 15, 18, 20, 25, 30, 35, 40, 45, or 50) MUC1 residues or 
unrelated residues on either end or on both ends of the YEKV sequence. Any MUC1 
peptides to be used as inhibitors of tumor progressor binding can optionally have any 
phosphorylation-susceptible amino acid residues phosphorylated. Appropriate fragments 
of tumor progressors include peptides containing, or consisting of, all or part of SH2 

10 and/or the SH3 domains of c-Src. 

Examples of compounds in category (b) include dominant suppressor molecules 
which can be either fragments of the tumor progressors of any length but shorter than the 
full-length, mature, wild-type tumor progressors and lacking one or more kinase domains 
that the tumor progressors may have or having amino acids necessary for kinase function 

15 substituted so as to substantially ablate kinase activity in the fragments. Alternatively, 
such dominant suppressors can contain or be a full-length, mature or immature tumor 
progressor (or the mature tumor progressor but containing some signal peptide amino 
acids) but having amino acids necessary for kinase function substituted so that the 
fragment substantially lacks kinase activity. Compounds derived from tumor progressors 

20 and substantially lacking kinase activity will have at least five-fold (e.g., at least five-fold, 
at least 10-fold, at least 20-fold, at least, 40-fold, at least, 100-fold, at least 1,000-fold, at 
least 10,000-fold, at least 100,000-fold, or at least 10 6 -fold) lower kinase activity than the 
corresponding full-length, mature, wild-type tumor progressor; the compound will 
preferably have no detectable kinase activity. Another example of a compound in category 

25 (b) is a fragment of the CD of MUC1 containing sites (e.g., one or more residues such as 
the tyrosine at position 46 of SEQ ID NO: 1 or the threonine at position 4 1 of SEQ ID 
NO:l) susceptible to phosphorylation by a tumor progressor. An example of such a 
compound is the peptide described above containing or consisting of the amino acid 
sequence YEKV (SEQ ID NO: 1 1). Another example of such a compound is a peptide 

30 (derived from the CD of MUCl) containing or consisting of the amino acid sequence 
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STDRS (SEQ ID NO:9) (e.g., a peptide containing or consisting of the amino acid 
sequence STDRSPYE (SEQ ID NO: 13)). Such a peptide can contain up to 50 (e.g., one, 
two, three, four, five, six, seven, eight, nine, ten, 12, 15, 18, 20, 25, 30, 35, 40, 45, or 50) 
MUC1 residues or unrelated residues on either end or on both ends of the STDRS amino 
5 acid sequence. 

Methods of designing, making, and testing such compounds for the appropriate 
binding-inhibitory and/or phosphorylation-inhibitory activity are known to those in the art. 

Cells to which the method of the invention can be applied include generally any 
cell that expresses MUC1 . Such cells include normal cells, such as any normal epithelial 

1 o cell, or a cancer cell whose proliferation it is desired to inhibit and/or whose ability to 
adhere to neighboring cells it is desired to enhance. An appropriate cancer cell can be a 
breast cancer, lung cancer, colon cancer, pancreatic cancer, renal cancer, stomach cancer, 
liver cancer, bone cancer, hematological cancer (e.g., leukemia or lymphoma), neural tissue 
cancer, melanoma, ovarian cancer, testicular cancer, prostate cancer, cervical cancer, 

15 vaginal cancer, or bladder cancer cell. 

The methods can be performed in vitro, in vivo, or ex vivo. In vitro application of 
appropriate compounds can be useful, for example, in basic scientific studies of tumor cell 
biology, e.g., studies on the mechanism of action of MUC1 and/or the tumor progressors 
listed herein in promoting tumor cell growth and/or metastasis. In addition, the 

20 compounds that are inhibitory can be used as "positive controls" in methods to identify 
additional compounds with inhibitory activity (see above). In such in vitro methods, cells 
expressing MUC1 and one or more of the tumor progressors, can be incubated for various 
times with the inhibitory compound(s) at a variety of concentrations. Other incubation 
conditions known to those in art (e.g., temperature, or cell concentration) can also be 

25 varied. Inhibition of binding and/or phosphorylation can be tested by methods such as 
those disclosed herein. 

The methods of the invention will preferably be in vivo or ex vivo. 
Compounds that inhibit binding between MUC1 and a tumor progressor and/or 
inhibit phosphorylation of MUC1 by a tumor progressor are generally useful as cancer cell 

30 (e.g., breast cancer cell) proliferation-inhibiting or metastasis-inhibiting therapeutics. They 
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can be administered to mammalian subjects (e.g., human breast cancer patients) alone or in 
conjunction with other drugs and/or radiotherapy. As used herein, a compound that is 
"therapeutic" is a compound that causes a complete abolishment of the symptoms of a 
disease or a decrease in the severity of the symptoms of the disease. "Prevention" should 

5 mean that symptoms of the disease (e.g., cancer) are essentially absent. 

When the methods are applied to subjects with cancer, prior to administration of a 
compound, the cancer can optionally be tested for MUC1 expression (MUC1 protein or 
MUC1 mRNA expression) by methods known in the art. Such methods can be performed 
in vitro on cancer cells obtained from a subject. Alternatively, in vivo imaging techniques 

10 using, for example, radiolabeled antibodies specific for MUC1 can be performed. In 
addition, body fluids (e.g., blood or urine) from subjects with cancer can be tested for 
elevated levels of MUC1 protein or MUC1 protein fragments. 

These methods of the invention can be applied to a wide range of species, e.g., 
humans, non-human primates, horses, cattle, pigs, sheep, goats, dogs, cats, rabbits, guinea 

15 pigs, hamsters, rats, and mice. 

In Vivo Approaches 

In one in vivo approach, a compound that inhibits binding of MUC1 to a tumor 
progressor or phosphorylation of MUC1 by a tumor progressor (see above) is administered 

20 to a subject. Generally, the compounds of the invention will be suspended in a 

pharmaceutically-acceptable carrier (e.g., physiological saline) and administered orally or 
by intravenous infusion, or injected subcutaneously, intramuscularly, intrathecally, 
intraperitoneally, intrarectally, intravaginally, intranasally, intragastrically, intratracheally, 
or intrapulmonarily. They can also be delivered directly to tumor cells, e.g., to a tumor or 

25 a tumor bed following surgical excision of the tumor, in order to kill any remaining tumor 
cells. The dosage required depends on the choice of the route of administration; the nature 
of the formulation; the nature of the patient's illness; the subject's size, weight, surface 
area, age, and sex; other drugs being administered; and the judgment of the attending 
physician. Suitable dosages are in the range of O.Olug/kg - lg/kg. Wide variations in the 

30 needed dosage are to be expected in view of the variety of compounds available and the 
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differing efficiencies of various routes of administration. For example, oral administration 
would be expected to require higher dosages than administration by intravenous injection. 
Variations in these dosage levels can be adjusted using standard empirical routines for 
optimization as is well understood in the art. Adrninistrations can be single or multiple 

5 (e.g., 2-, 3-, 4-, 6-, 8-, 10-, 20-, 50-,100-, 150-, or more fold). Encapsulation of the 
polypeptide in a suitable delivery vehicle (e.g., polymeric microparticles or implantable 
devices) may increase the efficiency of delivery, particularly for oral delivery. 

Alternatively, where an inhibitory compound is a polypeptide, a polynucleotide 
containing a nucleic acid sequence encoding the polypeptide can be delivered to 

1 o appropriate cells in a mammal. Expression of the coding sequence can be directed to any 
cell in the body of the subject. However, expression will preferably be directed to cells in 
the vicinity of the tumor cells whose proliferation it is desired to inhibit. Expression of the 
coding sequence can be directed to the tumor cells themselves. This can be achieved by, 
for example, the use of polymeric, biodegradable microparticle or microcapsule delivery 

1 5 devices known in the art. 

Another way to achieve uptake of the nucleic acid is using liposomes, prepared by 
standard methods. The vectors can be incorporated alone into these delivery vehicles or 
co-incorporated with tissue-specific or tumor-specific antibodies. Alternatively, one can 
prepare a molecular conjugate composed of a plasmid or other vector attached to poly-L- 

20 lysine by electrostatic or covalent forces. Poly-L-lysine binds to a ligand that can bind to a 
receptor on target cells [Cristiano et al. (1995), J. Mol. Med. 73:479]. Alternatively, tissue 
specific targeting can be achieved by the use of tissue-specific transcriptional regulatory 
elements (TRE) which are known in the art. Delivery of "naked DNA" (i.e., without a 
delivery vehicle) to an intramuscular, intradermal, or subcutaneous site is another means to 

25 achieve in vivo expression. 

In the relevant polynucleotides (e.g., expression vectors), the nucleic acid sequence 
encoding the polypeptide of interest with an initiator methionine and optionally a targeting 
sequence is operatively linked to a promoter or enhancer-promoter combination. Short 
amino acid sequences can act as signals to direct proteins to specific intracellular 
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compartments. Such signal sequences are described in detail in U.S. Patent No. 5,827,516, 
incorporated herein by reference in its entirety. 

Enhancers provide expression specificity in terms of time, location, and level. 
Unlike a promoter, an enhancer can function when located at variable distances from the 

5 transcription initiation site, provided a promoter is present. An enhancer can also be 
located downstream of the transcription initiation site. To bring a coding sequence under 
the control of a promoter, it is necessary to position the translation initiation site of the 
translational reading frame of the peptide or polypeptide between one and about fifty 
nucleotides downstream (3') of the promoter. Promoters of interest include but are not 

10 limited to the cytomegalovirus hCMV immediate early gene, the early or late promoters of 
SV40 adenovirus, the lac system, the trp system, the TAC system, the TRC system, the 
major operator and promoter regions of phage A, the control regions of fd coat protein, the 
promoter for 3-phosphoglycerate kinase, the promoters of acid phosphatase, and the 
promoters of the yeast a-mating factors, the adenoviral Elb minimal promoter, or the 

1 5 thymidine kinase minimal promoter. The DF3 enhancer can be particularly useful for 
expression of an inhibitory compound in cells that naturally express MUC1, for example, 
normal epithelial cells or malignant epithelial cells (carcinoma cells), e.g., breast cancer 
cells [see U.S. Patent Nos. 5,565,334 and 5,874,415]. The coding sequence of the 
expression vector is operatively linked to a transcription terminating region. 

20 Suitable expression vectors include plasmids and viral vectors such as herpes 

viruses, retroviruses, vaccinia viruses, attenuated vaccinia viruses, canary pox viruses, 
adenoviruses and adeno-associated viruses, among others. 

Polynucleotides can be administered in a pharmaceutically acceptable carrier. 
Pharmaceutically acceptable carriers are biologically compatible vehicles that are suitable 

25 for adrriinistration to a human, e.g., physiological saline or liposomes. A therapeutically 
effective amount is an amount of the polynucleotide that is capable of producing a 
medically desirable result (e.g., decreased proliferation of cancer cells) in a treated animal. 
As is well known in the medical arts, the dosage for any one patient depends upon many 
factors, including the patient's size, body surface area, age, the particular compound to be 

30 administered, sex, time and route of administration, general health, and other drugs being 
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administered concurrently. Dosages will vary, but a preferred dosage for administration of 
polynucleotide is from approximately 10 6 to approximately 10 12 copies of the 
polynucleotide molecule. This dose can be repeatedly administered, as needed. Routes of 
administration can be any of those listed above. 

5 

Ex Vivo Approaches 

An ex vivo strategy can involve transfecting or transducing cells obtained from the 
subject with a polynucleotide encoding a polypeptide that inhibit binding of MUC1 to a 
tumor progressor or phosphorylation of MUC1 by a tumor progressor. The transfected or 

1 0 transduced cells are then returned to the subject. The cells can be any of a wide range of 
types including, without limitation, hemopoietic cells (e.g., bone marrow cells, 
macrophages, monocytes, dendritic cells, T cells, or B cells), fibroblasts, epithelial cells, 
endothelial cells, keratinocytes, or muscle cells. Such cells act as a source of the inhibitory 
polypeptide for as long as they survive in the subject. Alternatively, tumor cells, 

15 preferably obtained from the subject but potentially from an individual other than the 

subject, can be transfected or transformed by a vector encoding the inhibitory polypeptide. 
The tumor cells, preferably treated with an agent (e.g., ionizing irradiation) that ablates 
their proliferative capacity, are then introduced into the patient, where they secrete the 
polypeptide. 

20 The ex vivo methods include the steps of harvesting cells from a subject, culturing 

the cells, transducing them with an expression vector, and maintaining the ceils under 
conditions suitable for expression of the polypeptide that inhibits inhibit binding of MUC1 
to a tumor progressor or phosphorylation of MUC1 by a tumor progressor These methods 
are known in the art of molecular biology, the transduction step is accomplished by any 

25 standard means used for ex vivo gene therapy, including calcium phosphate, lipofection, 
electroporation, viral infection, and biolistic gene transfer. Alternatively, liposomes or 
polymeric microp articles can be used. Cells that have been successfully transduced can be 
selected, for example, for expression of the coding sequence or of a drug resistance gene. 
The cells may then be lethally irradiated (if desired) and injected or implanted into the 

30 patient. 
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Methods of Inhibiting Expression of MUC1 or a Tumor Progressor in a Cell 

Also included in the invention are methods of inhibiting expression of MUC1 
and/or a tumor progressor in cells. The method involves introducing into a cell (a) an 

5 antisense oligonucleotide or (b) a nucleic acid comprising a transcriptional regulatory 
element (TRE) operably linked to a nucleic sequence that is transcribed in the cell into an 
antisense RNA oligonucleotide. Prior to introduction of an antisense oligonucleotide into a 
cell, the cell (or another cancer cell from the subject from which the cell to be treated was 
obtained) can optionally be tested for expression of MUC1 as described above. 

10 The antisense oligonucleotide and the antisense RNA hybridize to a MUC1 or a 

tumor progressor transcript and have the effect in the cell of inhibiting expression of 
MUC1 or a tumor progressor in the cell. Inhibiting expression of MUC1 or a tumor 
progressor in a cell can inhibit proliferation and/or enhance adhesion of the cell to 
neighboring cells. The method can thus be useful in inhibiting proliferation of a cancer 

1 5 cell and/or metastasis of a cancer cell and can thus be applied to the therapy of cancer. 

Antisense compounds are generally used to interfere with protein expression either 
by, for example, interfering directly with translation of a target mRNA molecule, by 
RNAse-H-mediated degradation of the target mRNA, by interference with 5' capping of 
mRNA, by prevention of translation factor binding to the target mRNA by masking of the 

20 5 1 cap, or by irihibiting of mRNA polyadenylation. The interference with protein 

expression arises from the hybridization of the antisense compound with its target mRNA. 
A specific targeting site on a target mRNA of interest for interaction with a antisense 
compound is chosen. Thus, for example, for modulation of polyadenylation a preferred 
target site on an mRNA target is a polyadenylation signal or a polyadenylation site. For 

25 diminishing mRNA stability or degradation, destabilizing sequences are preferred target 
sites. Once one or more target sites have been identified, oligonucleotides are chosen 
which are sufficiently complementary to the target site (i.e., hybridize sufficiently well 
under physiological conditions and with sufficient specificity) to give the desired effect. 
With respect to this invention, the term "oligonucleotide" refers to an oligomer or 

30 polymer of RNA, DNA, or a mimetic of either. The term includes oligonucleotides 



36 



WO 02/058450 



PCT/US01/49923 



composed of naturally-occurring nucleobases, sugars, and covalent interaucleoside 
(backbone) linkages. The normal linkage or backbone of RNA and DNA is a 3' to 5' 
phosphodiester bond. The term also refers however to oligonucleotides composed entirely 
of, or having portions containing, non-naturally occurring components which function in a 

5 similar manner to the oligonucleotides containing only naturaUy-occurring components. 
Such modified substituted oligonucleotides are often preferred over native forms because 
of desirable properties such as, for example, enhanced cellular uptake, enhanced affinity 
for target sequence, and increased stability in the presence of nucleases. In the mimetics, 
the core base (pyrimidine or purine) structure is generally preserved but (1) the sugars are 

10 either modified or replaced with other components and/or (2) the inter-nucleobase linkages 
are modified. One class of nucleic acid mimetic that has proven to be very useful is 
referred to as protein nucleic acid (PNA). In PNA molecules the sugar backbone is 
replaced with an amide-containing backbone, in particular an aminoethylglycine backbone. 
The bases are retained and are bound directly to the aza nitrogen atoms of the amide 

1 5 portion of the backbone. PNA and other mimetics useful in the instant invention are 
described in detail in U.S. Patent No. 6,210,289. 

The antisense oligomers to be used in the methods of the invention generally 
comprise about 8 to about 100 (e.g., about 14 to about 80 or about 14 to about 35) 
nucleobases (or nucleosides where the nucleobases are naturally occurring) . 

20 The antisense oligonucleotides can themselves be introduced into a cell or an 

expression vector containing a nucleic sequence (operably linked to a TRE) encoding the 
antisense oligonucleotide can be introduced into the cell In the latter case, the 
oligonucleotide produced by the expression vector is an RNA oligonucleotide and the 
RNA oligonucleotide will be composed entirely of naturally occurring components. 

25 The methods of the invention can be in vitro or in vivo. In vitro applications of the 

methods can be useful, for example, in basic scientific studies on cell proliferation or cell 
adhesion. In such in vitro methods, appropriate cells (e.g., those expressing MUC1 and/or 
a tumor progressor), can be incubated for various lengths of time with (a) the antisense 
oligonucleotides or (b) expression vectors containing nucleic acid sequences encoding the 

30 antisense oligonucleotides at a variety of concentrations. Other incubation conditions 
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known to those in art (e.g., temperature or cell concentration) can also be varied. 
Inhibition of MUC1 or tumor progressor expression can be tested by methods known to 
those in the art, e.g., methods such as those disclosed herein. However, the methods of the 
invention will preferably be in vivo. 

5 The antisense methods are generally useful for cancer cell (e.g., breast cancer cell) 

proliferation-inhibiting and/or mestastasis-inhibiting therapy. They can be administered to 
mammalian subjects (e.g., human breast cancer patients) alone or in conjunction with other 
drugs and/or radiotherapy. Prior to administration of an antisense oligonucleotide to a 
subject with cancer, the cancer can be tested for 3VIUC1 expression as described above. 

10 Doses, formulations, routes of adrriinistration, vectors, and targeting are as described for in 
vivo approaches to inhibiting the binding of MUC1 to p-catenin in a cell. Naturally, the 
antisense oligonucleotides and expression vectors containing nucleic acid sequences 
encoding the antisense oligonucleotides will preferably be targeted to cells whose 
proliferation it is desired to inhibit, 

15 The antisense methods of the invention can be applied to a wide range of species, 

e.g., humans, non-human primates, horses, cattle, pigs, sheep, goats, dogs, cats, rabbits, 
guinea pigs, hamsters, rats, and mice. 

The invention also includes both in vivo and in vitro methods of inhibiting 
expression of MUC1 that involve the use of compounds (preferably small molecules) that 

20 inhibit transcription of the MUC 1 gene or translation of MUC 1 rriRNA by non-antisense 
mechanisms. In such methods, the inhibitory compounds are either contacted in vitro with 
any of the cells disclosed herein or are administered to any of the subjects and by any of 
the doses and routes disclosed herein. Subjects will preferably be those with cancer, e.g., 
human cancer patients. While the invention is not limited by any particular mechanism of 

25 action, such compounds can be those that act by either inhibiting the binding and/or the 
activity of transcription factors or by altering the stability of MUC 1 rnRNA. 
The invention is illustrated, not limited, by the following examples. 
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EXAMPLES 
Example 1. Materials and Methods 
Cell culture. Human ZR-75-1 breast carcinoma cells were grown in RPMI 1640 
5 medium containing 10% heat-inactivated fetal bovine serum (HI-FBS), 100 jxg/ml 

streptomycin, 100 units/ml penicillin and 2 mM L-glutamine. 293 cells and HCT1 16 colon 
carcinoma cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% 
HI-FBS, 100 ug/ml streptomycin, and 100 units/ml penicillin. 

In certain studies, cells were cultured in medium with 0.1% HI-FBS for 24 h and 
1 o then stimulated with 1 0 ng/ml EGF (Calbiochem-Novabiochem, San Diego, CA) for 5 min 

at 37°C. 

Lysate preparation. Subconfluent cells were disrupted on ice in lysis buffer (50 
mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.1% NP-40, 10 mg/ml leupeptin, 10 mg/ml 
aprotinin, 1 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol) for 30 min. 

15 Lysates were cleared by centrifugation at 14,000xg for 20 min. 

Immunoprecipitation and immunobloting. Equal amounts of protein from cell 
lysates were incubated with normal mouse or rabbit IgG, monoclonal antibody (mAb) DF3 
specific for the MUC1 glycoprotein (anti-MUCl), antibody specific for the c-Src protein 
(anti-c-Src ) (Upstate Biotechnology, Lake Placid, NY), antibody specific for EGF-R (anti- 

20 EGF-R) (Santa Cruz Biotechnology, Santa Cruz, CA), antibody specific for E-cadherin 
(anti-E-cadherin) (Santa Cruz Biotechnology), or antibody specific for PKC5 (anti-PKCS) 
(Santa Cruz Biotechnology), for 2 h at 4°C. The immune complexes were precipitated 
with protein G agarose. After washing three times with lysis buffer, the 
immunoprecipitates were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel 

25 electrophoresis (PAGE) and transferred to nitrocellulose membranes. The immunoblots 
were probed with 500 ng/ml anti-MUCl, 1 mg/ml anti-c-Src anti-EGF-R, antibody specific 
for phospho-tyrosine residues (anti-P-Tyr; RC20H; Transduction Laboratories, San Diego, 
CA) or antibody specific for B-catenin (anti-B-catenin; Zymed Laboratories, Inc., San 
Francisco, CA). Binding of these antibodies was detected with horseradish peroxidase- 
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conjugated secondary antibodies and chemiluminescence (New Life Sciences Products, 
Inc., Boston, MA). 

In other studies, lysates of ZR-75-1 cells were subjected to immunoprecipitation 
with either anti-MUCl or antibody specific for pi 20 (anti-pl20; Transduction 

5 Laboratories). Mouse IgG was used as a control. Immunoprecipitates and unprecipitated 
lysates were analyzed by immunoblotting with anti-pl20 or anti-MUCl. 

Preparation ofMUCl mutants. The MUC1/CD(Y46F) and MUC1(Y46F) mutants 
were generated using site-directed mutagenesis by changing Tyr-46 of a fragment of 
MUC1 composed of the MUC1 cytoplasmic domain of wild-type MUC1 (MUC1/CD) and 

10 full-length wild-type MUC1 , respectively, to Phe. Other mutant materials referred to 
below were generated similarly by standard procedures. 

In vitro phosphorylation. Purified wild-type and mutant MUC1/CD proteins were 
incubated with 1.5 units purified c-Src polypeptide (Oncogene Research Products, 
Cambridge, MA), 0.1 unit of purified EGF-R (Calbiochem-Novabiochem Co., San Diego, 

1 5 C A), or 1 .0 unit purified PKC5 (Pan Vera) in 20 ul kinase buffer (20 mM Tris-HCl, pH 
7.6, 10 mM MgCl 2 , 5 mM dithiothreitol). The reaction was initiated by addition of 10 uCi 
[y- 32 P]ATP. After incubation for 15 min at 30°C, the reaction was stopped by addition of 
sample buffer and boiling for 5 nun. Phosphorylated proteins were separated by SDS- 
PAGE and analyzed by autoradiography. 

20 Binding studies. Purified wild-type and mutant MUC1/CD proteins were incubated 

with 1.5 units c-Src in the presence or absence of 200 mM ATP for 30 min at 30°C. 
Glutathione S-transferase (GST), GST fused to c-Src (GST-c-Src), GST fused to the SH3 
domain of c-Src (GST-Src-SH3), GST fused to a mutated form of c-Src SH3 in which 
amino acids 90-92 are deleted (GST~Src-SH3De90/92) [Shiue et al. (1995) J. Biol. Chem. 

25 270: 10498-10502] (provided by Dr. J. Brugge, Harvard Medical School), GST fused to 
the SH2 domain of c-Src (GST-Src-SH2), or GST fused to P-catenin (GST-p-catenin) was 
bound to glutathione beads. The beads were then added to the phosphorylation reaction 
mixture (described above) which was incubated for 1 h at 4°C. After washing, the 
proteins were subjected to SDS-PAGE and immunoblot analysis with antibody specific for 

30 the CD ofMUCl (anti-MUCl /CD) or anti-P-Tyr. In other studies, GST fused to the CD 
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of MUC1 (GST-MUC1/CD) bound to glutathione beads was incubated with 1 .5 units c-Src 
in the presence and absence of 200 uM ATP for 30 min at 30°C before adding 0.1 rng 
purified GSK3(3 (New England Biolabs) and incubating for an additional 1 h. Precipitated 
proteins were analyzed by immunoblotting with antibody specific for GSK3J3 (anti- 
5 GSK3P). 

In other studies, GST, GST-MUC1/CD or GST-MUC1/CD mutants bound to 
glutathione beads were incubated with purified recombinant PKC8 (Pan Vera, Madison, 
WI). The adsorbates were analyzed by immunoblotting with anti-PKC5. In addition, 
purified His-tagged wild-type and mutant MUC1/CD proteins were incubated with 1.0 unit 

10 of PKC5 (Calbiochem-Novabiochem) in the absence and presence of 200 uM ATP for 30 
min at 30°C. GST or GST-13-catenin bound to glutathione beads was then added, and the 
reaction was incubated for 1 h at 4 ft C. The precipitated proteins were subjected to 
immunoblot analysis with anti-MUCl/CD (antibody specific for the CD of MUC1). 

Transient transfection studies. ZR-75-1 or 293 cells were transiently transfected 

15 with the pCMV expression vector without an expressible insert, pCMV containing a 
MUC1 encoding nucleotide sequence (pCMV-MUCl) or pCMV containing a c-Src 
encoding nucleotide sequence (pCMV-c-Src) (provided by Dr. R. Rickles, ARIAD 
Pharmaceuticals, Inc., Cambridge, MA) using electroporation methods. Efficiency of 
transient transfections ranged from 40-50% for ZR-75-1 cells and 70-80% for 293 cells. 

20 Cell lysates were prepared at 48 h after transfection. 

MUC-1 non-expressing 293 ceils or MDA-MB-231 cells were transfected with 
expression vectors containing either no expressible insert (pCMV), a cDNA sequence 
encoding MUC1 (pCMV-MUCl), a cDNA sequence encoding MUC1 with its CD deleted 
pCMV-MUCl/dCD) or a cDNA sequence encoding pl20 (pCMV-pl20). The cells were 

25 harvested 48 h after transfection and lysates were prepared from them. 

Full-length wild-type MUC1 containing 40 tandem repeats was excised from 
pCMV-MUCl [Li et al. (2001) J. Biol. Chem. 276:6061-6064] by Ndel and EcoRI 
digestion and integrated into the Ndel/EcoRI site of the mammalian expression vector 
pIRESpuro2 (Clontech, Palo Alto, CA). The pIRESpuro2-MUCl(Y46F) mutant vector 

30 was constructed by insertion of 3'-terminal region from pCMV-MUCl (Y46F) [Li et al. 
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(2001) J. Biol Chem. 276:6061-6064] into pERESpuro2-MUCl deleted at the 3'-terminal 
region of MUC1 by Bsu36I. Thus, the insert in pIRESpuro2-MUCl (Y46F) encoded full- 
length MUC1 with the tyrosine residue at position 46 of the MUC-1CD mutated to 
phenylalanine. 

5 An expression vector (pIRESpuro2-MUCl-(T41A)) containing a cDNA sequence 

encoding MUC1 with threonine at position 41 of the CD mutated to an alanine residue was 
produced. Expression vectors were also generated by cloning into the pEGFP-Cl plasmid 
cDNA sequences encoding (a) wild-type PKC5 (pEGFP-PKC5) or (b) PKC6 with the 
lysine residue at position 378 mutated to an arginine residue (pEFP-PKC8(K378R). 

10 293 cells or HCT1 16 cells were transiently or stably transfected with 

pcDNA3.1/EGF-R (containing a cDNA insert encoding EGF-R) pIRESpuro2-MUCl, 
pIRESpuro2-MUCl(Y46F), pIRESpuro2-MUCl(T41A), pEGFP-PKC5 and/or pEGFP- 
PKC5 (K378R) by lipofectamine (Life Technologies Inc., Rockville, MD). Cell lysates 
were prepared 48 h after transfection. Transfection efficiency ranged from 70-80% for 293 

15 cells and 60-70% for HCT1 16 cells. 

Stable transfectants were selected in the presence of 0.4 mg/ml of puromycin 
(Calbiochem-Novabiochem Co, San Diego, CA). 

Immunofluorescence microscopy. ZR-75-1 cells were fixed with 4% 
paraformaldehyde for 10 min at room temperature (RT) and blocked with phosphate 

20 buffered saline (PBS) containing 5% fatty acid free BSA (Sigma, St. Louis, MO) and 5% 
normal goat serum (Jackson Immunoresearch Laboratories Inc., Westgrove, PA) (blocking 
buffer) for 45 min at room temperature. After incubation with anti-MUCl (1 :400) and 
rabbit anti-EGF-R (1 : 1 00) in blocking buffer for 14 h at 4°C, the cells were washed with 
PBS and incubated with fluorescein-conjugated anti-rabbit IgG (1:1 00) or Texas Red- 

25 conjugated anti-mouse IgG antibody (1 :200) (Jackson Immunoresearch Laboratories Inc., 
Westgrove, PA) for 45 min at room temperature. The cells were then mounted onto glass 
cover slips using the slow-fade mounting kit (Molecular Probes, Eugene, OR) and 
analyzed by confocal microscopy (inverted Zeiss LSM 510). Images were captured at 0.6 
nm increments along the Z axis under 63x magnification and converted to composite 

30 images by ImageSpace 3.10 software (Molecular Dynamics, Sunnyvale, CA). 
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Example 2, MUC1 Binds to c-Src 

To determine whether MUC1 forms a complex with c-Src, anti-MUCl 
immunoprecipitates from lysates of human ZR-75-1 cells were analyzed by 

5 immunoblotting with anti-c-Src. The results demonstrate that c-Src coprecipitates with 
MUC1 (Fig. 1A, left panel). In the reciprocal experiment, analysis of anti-c-Src 
immunoprecipitates by immunoblotting with anti-MUCl confirmed the association of 
MUC1 and c-Src (Fig. 1A, right panel). To assess whether the binding is direct, purified 
hexahistidine tagged MUC1 cytoplasmic domain (His-MUCl/CD) was incubated with a 

10 GST fusion protein that contains the c-Src SH3 domain. Analysis of the adsorbate to 
glutathione beads by immunoblotting with anti-MUCl/CD demonstrated binding of 
MUC1/CD to GST-Src SH3, and not GST or a GST-Src SH2 fusion protein (Fig. IB). As 
an additional control, His-MUCl/CD was incubated with a GST fusion protein containing 
a mutated c-Src SH3 domain (GST-Src SH3De90/92). The finding that MUC1/CD binds 

15 to wild-type c-Src SIB, but not the mutant, supported a direct interaction between MUC1 
and c-Src (Fig. 1C). 

Example 3. c-Src Phosphorylates the Cytoplasmic Domain of MUC1 
To determine whether MUC1/CD is a substrate for c-Src, MUC1/CD was 

20 incubated with purified c-Src and [y- 32 P]ATP. Analysis of the reaction products by SDS- 
PAGE and autoradiography demonstrated c-Src-mediated phosphorylation of MUC1/CD 
(Fig. 2A). Previous studies have demonstrated that GSK3J3 phosphorylates MUC1/CD on 
Ser at a DRSPYEKV site (SEQ ID NO:12) [Li et al. (1998) Mol. Cell. Biol. 18: 7216- 
7224]. As the YEKV (SEQ ID NO: 1 1) sequence represents a consensus for c-Src 

25 phosphorylation, MUC1/CD was generated with a FEKV (SEQ ID NO: 14) mutation (i.e., 
a Y to F mutation at the first amino acid of the YEKV sequence) mutation (Fig. 2B). 
Incubation of MUC1/CD(Y46F) with c-Src demonstrated a decrease in phosphorylation as 
compared to that found with wild-type MUC1/CD (Fig. 2C). These findings indicate that 
c-Src phosphorylates the YEKV site as well as other sites in MUC1/CD. As the c-Src SH2 
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domain interacts with a preferred pYEEI sequence [Songyang et al. (1993) Cell 72: 767- 
778], c-Src-mediated phosphorylation of YEKV in MUC1/CD provides a potential site for 
c-Src SH2 binding. To determine whether the c-Src SH2 domain binds to phosphorylated 
MUC1/CD, MUC1/CD was incubated with c-Src and ATP and then assessed binding to 

5 GST-Src SH2. The results demonstrate that GST-Src SH2 associates with phosphorylated, 
but not unphosphoryiated, MUC1/CD (Fig. 2D). Moreover, compared to MUC1/CD, there 
was substantially less binding of GST-Src SH2 to the MUC1/CD(Y46F) mutant that had 
been incubated with c-Src and ATP (Fig. 2D). These results support c-Src-mediated 
phosphorylation of MUC1/CD and thereby a direct interaction of phosphorylated 

10 MUC1/CD with the c-Src SH2 domain. 

Example 4. Interaction of c-Src with MUC1 Inhibits Binding of GSK3B to MUC1 
As the c-Src phosphorylation site on MUC1/CD resides next to the binding and 
phosphorylation site for GSK3p [Li et al. (1998) Mol. Cell. Biol. 18: 7216-7224] an 

15 experiment was performed to test whether the interaction of MUC1/CD with c-Src affects 
that with GSK3P. GST-MUC1/CD was incubated with c-Src and ATP before addition of 
GSK3P- Analysis of proteins precipitated with glutathione-beads demonstrated that c-Src- 
mediated phosphorylation of MUC1/CD is associated with a decrease in binding of 
MUC1/CD and GSK3P (Fig. 3A). To assess the effects of c-Src on the interaction of 

20 MUC1/CD and GSK3P in vivo, ZR-75-1 cells were transfected to express the empty vector 
or c-Src. Anti-MUCl immunoprecipitates were analyzed by irnmunoblotting with anti- 
GSK3P. The results demonstrate that c-Src decreases the interaction of MUC1 and GSK3P 
in vivo (Fig. 3B). These findings indicate that GSK3P interacts with MUC1/CD by a c- 
Src-dependent mechanism. 

25 

Example 5. Phosphorylation of MUC1 Cytoplasmic Domain by c-Src Increases 

Binding of P-catenin to MUC1 
Phosphorylation of MUC1 by GSK3P decreases binding of MUC1 to p-catenin in 
vitro and in cells [Li et al. (1998) Mol, Cell. Biol. 18: 7216-7224], To determine if c-Src- 
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mediated phosphorylation of MUC1 affects the interaction of MUC1 with P-catenin, 
MUC1/CD was incubated with c-Src and ATP. Phosphorylated and unphosphorylated 
MUC1/CD were then incubated with GST or GST-P-catenin. Similar studies were 
performed with the MUC1/CD(Y46F) mutant. Analysis of proteins bound to glutathione 

5 beads by immunoblotting with anti-MUCl/CD demonstrated that c-Src-mediated 
phosphorylation of MUC1/CD increases binding of MUC1/CD to GST-p-catenin (Fig. 
4A). By contrast, there was no detectable binding of phosphorylated or unphosphorylated 
MUC1/CD to GST (Fig 4A). Studies performed with MUC1/CD(Y46F) demonstrated that 
c-Src-dependent phosphorylation of the YEKV site on MUC1/CD is necessary for the 

10 formation of MUCl/CD-P-catenin complexes (Fig. 4A). To assess whether c-Src affects 
the interaction of MUC1 and p-catenin in vivo, MUCl-positive ZR-75-1 cells were 
transfected with pCMV or pCMV-c-Src. Anti-MUCl immunoprecipitates prepared from 
the transfected cells were subjected to immunoblot analysis with anti-c-Src, anti-P-Tyr 
(antibody specific for phosphotyrosine residues) and anti-P-catenin. The results 

15 demonstrate that c-Src associates with MUC1 in cells and induces tyrosine 

phosphorylation of MUC1 (Fig. 4B). In addition, c-Src expression induced the interaction 
of MUC1 and p-catenin (Fig. 4B). To extend these findings, MUCl-negative 293 cells [Li 
et al. (1998) Mol. Cell. Biol. 18: 7216-7224] were transfected to express MUC1 or 
MUC1(Y46F) in which the CD YEKV site (SEQ ID NO:l 1) has been mutated to FEKV 

20 (SEQ ID NO: 14). While there was no apparent binding of MUC1 to endogenous c-Src, 
cotransfection of MUC1 and c-Src was associated with detectable MUCl-c-Src complexes. 
Cotransfection of MUC1 and c-Src was also associated with increased tyrosine 
phosphorylation of MUC1 and binding of MUC1 and c-Src (Fig. 4C). By contrast, 
cotransfection of MUC1(Y46F) and c-Src resulted in little binding of c-Src to 

25 MUC1(Y46F) (Fig. 4C). Moreover, there was little if any tyrosine phosphorylation of 
MUC1(Y46F) (Fig. 4C). Importantly, cotransfection of MUC1, but not MUC1(Y46F), 
with c-Src induced the binding of MUC1 and p-catenin (Fig. 4C). These findings 
demonstrate that c-Src-mediated phosphorylation of the MUC1 YEKV site increases the 
interaction of MUC1 and P-catenin in cells. 
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Example 6. p!20 Binds to the Cytoplasmic Domain of MUC1 
To determine whether MUC1 associates with pl20, anti-MUCl 
immunoprecipitates from ZR-75-1 cells were subjected to iirimunoblot analysis with anti- 
pl20. The results demonstrate that pl20 coprecipitates with MUC1 (Fig. 5A). By 

5 contrast, there was no detectable pi 20 in the control immunoprecipitates prepared with 
mouse IgG (Fig. 5 A). In the reciprocal experiment, analysis of anti-pl20 
immunoprecipitates by immunoblotting with anti-MUCl confirmed the association of 
MUC1 and pi 20 (Fig. 5B). These findings supported an interaction of the MUC1 
transmembrane protein and pi 20. 

10 To further define the interaction between MUC1 and pl20, MUCl-negative 293 

cells [Li et al. (1998). Mol. Cell. Biol, 18, 7216-7224.] were transfected with vectors 
expressing MUC1 or MUC1 with its cytoplasmic domain deleted (MUCl/dCD) (Fig. 6A), 
Immunoblot analysis of anti-MUCl immunoprecipitates with anti-pl20 demonstrated 
coprecipitation of MUC1 and pl20 (Fig. 6B). By contrast, there was no detectable 

15 association of pl20 and MUCl/dCD (Fig. 6B). These findings indicated that pl20 
interacts with the MUC1/CD. To determine whether the association is direct, purified 
MUC1/CD was incubated with GST or a GST-pl20 fusion protein. The adsorbates were 
analyzed by immunoblotting with anti-MUCl. The demonstration that MUC1/CD binds to 
GST-pl20 and not to GST supported a direct interaction (Fig. 6C). 

20 To identify the site in MUC1/CD that binds to pl20, full-length MUC1/CD and the 

N- and C-terminal fragments (Fig. 7A) were incubated with purified GST-pl20. 
Precipitation with glutathione beads and analysis of the precipitates by immunoblotting 
with anti-MUCl/CD demonstrated binding of pl20 to full-length MUC1/CD and both 
fragments (Fig. 7B). These results suggested that p 120 binds to a site in the region 

25 common to the N- and C-terminal fragments. To further localize the site, two peptides 
from the overlapping region were prepared . Incubation of the peptides with MUC1/CD 
and GST-pl20 demonstrated that MSEYPTYHTH, but not GRYVPPSSTDR (SEQ ID 
NO:8), inhibits the formation of MUCl-pl20 complexes (Fig. 7C). These findings 
indicate that pl20 interacts with the MSEYPTYHTH site (SEQ ID NO:7) in MUC1. 
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Example 7. MUC1 Expression Results in Increased Levels of Nuclear p!20 
To assess the functional significance of the MUCl-pl20 interaction, MUC1- 
negative 293 cells were transfected to express MUC1 and then assayed for distribution of 
pi 20 in the cytoplasm and nucleus. The results demonstrate that expression of MUC1 has 

5 little if any effect on pl20 levels in the cytoplasmic fraction (Fig. 8). By contrast, MUC1 
expression was associated with increased levels of pl20 in the nucleus (Fig. 8A). 
Compared to actin (as a control), nuclear pl20 was increased nearly 5-fold by expression 
of MUC1 in 293 cells. To extend these findings, MUC1 -negative MDA-MB-231 breast 
cancer cells were transfected to express MUC1 . Immunoblot analysis demonstrated that 

10 MUC1 has no apparent effect on expression of pi 20 in the cytoplasm, but increases 
nuclear pl20 levels by over 3-fold (Fig. 8B). Similar results were obtained in three 
separate experiments. These findings demonstrate that MUC1 regulates the nuclear 
expression of pl20. 

Example 8. MUC1 Associates with EGF-R 
15 To determine whether MUC1 forms a complex with EGF-R, anti-MUCl 

immunoprecipitates from lysates of human ZR-75-1 cells were analyzed by 
immunoblotting with anti-EGF-R. The results demonstrate that EGF-R coprecipitates with 
MUC1 (Fig. 9A). There was no detectable EGF-R in immunoprecipitates prepared with 
control IgG (Fig. 9A). In the reciprocal experiment, analysis of anti-EGF-R 
20 immunoprecipitates with anti-MUCl confirmed that EGF-R associates with MUC1 (Fig. 
9B). To extend these findings, 293 cells, which express low levels of EGF-R and do not 
express MUC1 [Li et al. (1998) Mol. Ceil. Biol. 18:7216-7224] were transfected to express 
EGF-R and MUCL Immunoblot analysis with anti-EGF-R of anti-MUCl 
immunoprecipitates demonstrated coprecipitation of EGF-R with MUC1 (Fig. 9C). 
25 Similar results were obtained when anti-EGF-R immunoprecipitates were analyzed by 
immunoblotting with anti-MUCl (Fig. 9D). These findings demonstrate that MUC1 
constitutively associates with EGF-R. 
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Example 9. Colocalization of EGF-R and MUC1 to the Cell Membrane 
To assess the subcellular localization of MUC1 and EGF-R, confocal microscopy 
was performed with ZR-75-1 cells stained with rabbit anti-EGF-R and mouse anti-MUCl 
antibodies. In control ZR-75-1 cells, EGF-R was distributed uniformly over the cell 

5 membrane (Fig. 10A, left). Similar findings were obtained for the distribution of MUG 1 
(Fig. 10A, middle). Overlay of the EGF-R (red) and MUC1 (green) signals supported 
colocalization (red+green->yellow) (Fig. 10A, right). Following EGF stimulation, the 
EGF-R was found to be clustered in patches at the cell membrane (Fig. 10B, left). An 
identical pattern was observed for MUC1 (Fig. 10B, middle). Moreover, overlay of the 

10 signals showed that EGF-R and MUC1 colocalize in clusters at the cell membrane (Fig. 
10B, right). Analysis of the control and EGF-stimulated cells by coimmunoprecipitation 
studies demonstrated no detectable difference in the association between EGF-R and 
MUC1 (data not shown). These findings and those obtained in coprecipitation studies 
demonstrate that MUC1 and EGF-R associate constitutively at the cell membrane. 

15 

Example 10. EGF-R Phosphorylates MUC1 in vitro and in vivo 
To determine whether EGF-R phosphorylates MUC1, anti-MUCl 
immunoprecipitates from control and EGF-stimulated ZR-75-1 cells were analyzed by 
immunoblotting with anti-P-Tyr. The results demonstrate a detectable level of tyrosine 

20 phosphorylated MUC1 in control cells (Fig. 1 1A). Moreover, EGF stimulation was 
associated with an increase in phosphorylation of MUC1 on tyrosine (Fig. 1 1 A). EGF- 
induced tyrosine phosphorylation of MUC1 was also observed in 293 cells transfected to 
express EGF-R and MUC1 (Fig. 1 IB). The 72 amino acid MUC1 cytoplasmic domain 
(MUC1/CD) contains 7 tyrosines (see schema in Fig. 12D). To define potential sites of 

25 EGF-R phosphorylation, a MUC1 cytoplasmic domain fragment (MUC1/CD) was 

incubated with EGF-R and ty- 32 P] ATP. Analysis of the reaction products demonstrated 
that EGF-R phosphorylates MUC1/CD (Fig. 1 1C). Mutation of the Y8 site of MUC1/CD 
to F had no detectable effect on EGF-R-mediated phosphorylation of MUC1/CD (Fig. 
1 1C). There was also no apparent effect on phosphorylation when the Y20, or Y35 sites, 

30 were mutated to F (Fig. 1 1 C). By contrast, incubation of MUC 1/CD(Y 46F) with EGF-R 
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was associated with a marked decrease in phosphorylation as compared to that found with 
wild-type MUC1/CD (Fig. 11C). Mutation of Y26 also resulted in decreased 
phosphorylation, but to a lesser extent than that obtained with Y46F (Fig. 1 1C). To 
determine whether the Y46 site is phosphorylated in cells, human HCT1 16 cells, which 
5 express EGF-R and not MUC1 , were stably transfected to express the empty vector, wild- 
type MUC1 or the MUC1(Y46F) mutant. Analysis of anti-MUCl immunoprecipitates 
with anti-P-Tyr demonstrated that EGF-mediated phosphorylation of MUC1(Y46F) is 
decreased compared that obtained with wild-type MUC1 (Fig. 1 ID). These findings 
demonstrate that EGF-R phosphorylates MUC1 on Y46 in vitro and in cells. 

10 

Example 11. EGF-R Regulates Interaction of MUC1 with c-Src and B-catenin 
To determine whether EGF-R-mediated phosphorylation regulates the interaction 
of MUC1 with c-Src and B-catenin, MUC1/CD was incubated with EGF-R and ATP and 
then binding to GST-Src SH2 and GST-B-catenin was assessed. Immunoblot analysis of 

15 adsorbates to glutathione beads with anti-MUCl/CD showed that GST-Src SH2 binds to 
MUC1/CD EGF-R after phosphorylation (Fig. 12A). In addition, compared to MUC1/CD, 
there was substantially less binding of GST-Src SH2 to the MUC1/CD(Y46F) mutant that 
had been incubated with EGF-R and ATP (Fig. 12 A). Similar findings were obtained for 
binding of GST- B-catenin (Fig. 12A). To assess whether EGF-R-mediated 

20 phosphorylation of MUC1 induces binding of MUC1 to c-Src and B-catenin in cells, anti- 
MUCl immunoprecipitates from ZR-75-1 cells were analyzed by immunoblotting with 
anti-c-Src or anti- B-catenin. Analysis of lysates from control ZR-75-1 cells demonstrated 
a low but detectable interaction of MUC1 with c-Src and B-catenin (Fig. 12B). In concert 
with the in vitro results, stimulation of ZR-75-1 cells with EGF induced the interaction of 

25 MUC1 with c-Src and B-catenin (Fig. 12B). To confirm involvement of the MUC1 Y46 
site, HCT1 16 cells stably expressing wild-type MUC1 or MUC1(Y46F) were stimulated 
with EGF. Immunoblot analysis of anti-MUCl immunoprecipitates with anti-c-Src 
demonstrated that, compared to wild-type MUC1, there was less EGF-induced binding of 
MUC1(Y46F) to c-Src (Fig. 12C). Similar findings were obtained for B-catenin (Fig. 
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12C). These results show that EGF-R-mediated phosphorylation of MUC1 Y46 induces 
the interaction of MUC1 with c-Src and fi-catenin. 

Example 12. MUC1 Binds Directly to PKC8 

5 To determine whether MUC1 associates with PKCS, lysates from human ZR-75-1 

cells were subjected to immunoimmunoprecipitation with anti-MUCl and, as a control, 
normal IgG. Immunoblot analysis of the immunoprecipitates with anti-PKCS 
demonstrated the presence of MUC1-PKC8 complexes (Fig. 13A, left). In the reciprocal 
experiment, immunoblot analysis of anti-PKCS immunoprecipitates with anti-MUCl 

1 0 confirmed that MUC 1 associates with PKC5 (Fig. 1 3 A, right). By contrast, there was no 
detectable interaction between MUC1 and three other protein kinase C molecules, i.e., 
PKCPn, PKCri and PKCu (Fig. 13B). To extend these findings, 293 cells, which do not 
express for MUC1, were transfected to express MUC1 or MUC1 and PKC5. Immunoblot 
analysis of anti-MUCl immunoprecipitates with anti-PKCS demonstrated binding of 

15 MUC1 with endogenous PKC5 (Fig. 13C). Moreover, coexpression of MUC1 and PKC5 
resulted in increased formation of MUC1-PKC5 complexes (Fig. 13C). To assess whether 
binding is direct, GST or a GST fusion protein containing the MUC1 CD (GST- 
MUC1/CD) was incubated with recombinant PKCS. Adsorbates to glutathione beads were 
subjected to immunoblot analysis with anti-PKC5. The finding that PKCS binds to GST- 

20 MUC1/CD and not to GST alone supported a direct interaction (Fig. 13D). 

Example 13. PKCS Phosphorylates Threonine at Position 41 of the CD of MUCL 
To determine whether MUC1/CD is a substrate for PKCS, purified His-MUCl/CD 
was incubated with recombinant PKCS and [y- 32 P]ATP. Analysis of the reaction products 
25 by SDS-PAGE and autoradiography demonstrated phosphorylation of MUC1 CD (Fig. 
14A). A STDRS site (SEQ ID NO:9) in MUC1/CD conforms to the preferred S/T-X-K/R 
motif for PKC phosphorylation. The T residue in the STDRS sequence is at position 41 in 
the CD of MUC1 (i.e., in SEQ ID NO:l). To determine whether STDRS is phosphorylated 
by PKCS, this site in MUC1/CD was mutated to SA41DRS (SEQ. ID NO:15) (Fig. 14B). 
30 PKCS-mediated phosphorylation of MUC 1 /CD(T4 1 A) was attenuated compared to that 
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obtained with wild-type MUC1/CD (Fig. 14B). By contrast, phosphorylation of MUC1 by 
PKC8 was unaffected by S to A mutations of either or both of the flanking serines (Fig. 
14B). Previous studies have shown that phosphorylation of the MUC1/CD S44 site by 
GSK3P decreases the interaction between MUC1/CD and p-catenin . To assess the effects 

5 of PKC5-mediated phosphorylation of MUC1/CD, MUC1/CD was incubated with PKC8 
in the presence and absence of ATP. After phosphorylation of MUC1/CD, GST or GST- 
P-catenin was added to the reaction mixture which were further incubated for 1 h at 4°C. 
Proteins precipitated with glutathione beads were analyzed by immunoblotting with anti- 
MUC1/CD. MUC1/CD binds to GST-P-catenin and not GST. Preincubation of 

10 MUC1/CD with PKC5 and ATP was associated a higher level of MUC1/CD binding to 
GST-B-catenin than that obtained in the absence of PKC5 or ATP (Fig. 14D). By contrast, 
preincubation of MUC1/CD(T41A) with PKCS and ATP had no detectable effect on 
binding of MUC 1 /CD(T4 1 A) to B-catenin (Fig. 14D). These findings demonstrate that 
PKC5 phosphorylates MUC1/CD on T41 and thereby increases binding of MUC1/CD and 

15 B-catenin. 

Example 14. PKC5 Regulates the Interaction of MUC 1 with B-catenin in Cells 
To determine whether PKC8 regulates the interaction between MUC1 and B- 
catenin in cells, transfection studies were performed in MUC1 -non-expressing 293 cells. 
After transfection of vectors expressing MUC1 and green fluorescent protein (GFP) fused 

20 to PKC8 (GFP-PKC8) or GFP fused to the kinase-inactive PKC8(K378R) mutant (GFP- 
PKC8 (K-R)), lysates were subjected to immunoprecipitation with anti-MUCl . 
Immunoblot analysis of the immunoprecipitates with anti-B-catenin demonstrated that 
PKC8 increases the interaction between MUC1 and B-catenin; this was not seen in cells 
transfected with GFP-PKC8(K378R) encoding cDNA (Fig. 15 A). In concert with these 

25 results, GFP-PKC8 had little (if any) effect on binding of B-catenin to the MUC1(T41A) 
mutant (Fig. 15 A). To extend the analysis, MUC 1 -non-expressing HCT116 cells were 
transfected to stably express a control vector, or with wild-type MUC1- or MUC1(T41A)- 
expressing vectors to create the HCT116V, HCT1 16/MUC1, and HCT1 16/MUC1 (T41 A) 
transfected clones, respectively (Fig. 15B). Anti-MUCl immunoprecipitates from 

30 HCT1 16/V, HCT1 16/MUC1 and HCT1 16/MUC1(T41A) cells were subjected to 
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immunoblotting with anti-13-catenin. These results demonstrate that MUC1, but not 
MUC1(T41 A), binds to B-catenin (Fig. 15B). When these cells were transfected to express 
GFP-PKC5, immunoblot analysis of anti-MUCl immunoprecipitates with anti-B-catenin 
demonstrated that PKC5 induces binding of B-catenin to wild-type MUC1 and not the 

5 MUC1(T41 A) mutant (Fig. 15B). Transfection with an PKC8(K378R)-encoding 
expression vector had no apparent effect on induction of MUC1- B-catenin complexes 
(data not shown). These findings demonstrate that phosphorylation of MUC1 T41 by 
PKC8 induces binding of MUC1 and 6-catenin. To determine whether expression of the 
MUC1(T41 A) mutant affects binding of B-catenin to E-cadherin, anti-E-cadherin 

10 immunoprecipitates were analyzed by immunoblotting with anti-B-catenin. Expression of 
wild-type MUC1 was associated with decreased binding of E-cadherin and B-catenin (Fig. 
15C). By contrast, expression of MUC1(T41A) had less of an effect on the interaction of 
E-cadherin and B-catenin than did wild-type MUC1 (in HCT1 16/MUCI cells) (Fig. 15C). 
Similar results were obtained after transfection of with an expression vector containing a 

15 nucleic acid sequence encoding GFP-PKCS (Fig. 15C). These findings demonstrate that 
PKC8 regulates the interaction between MUC1 and B-catenin in cells and thereby binding 
of E-cadherin with B-catenin. 

Example 15. Effects of MUC1 on Anchorage-Iindependent 
20 Growth are Abrogated by the T41 A Mutation. 

To assess the functional significance of the interaction between MUC1 and PKC5, 
HCT1 16/V, HCT1 16/MUCI and HCT1 16/MUC1(T41A) cells were plated for anchorage- 
independent growth in soft agar. The wild-type MUC1 transfectants formed colonies that 
were substantially larger than those obtained with HCT1 16/V cells (Fig. 16A). By 
25 contrast, expression of MUC1(T41A) was associated with the formation of colonies that 
were similar to those found with control HCT1 16/V cells (Fig. 16A). Similar results were 
obtained with independently selected clones of the transfected cells (Fig. 16A). The 
number of colonies obtained with HCT1 16/MUCI cells was also higher than those found 
for HCT1 16/V and HCT1 16/MUCI (T41 A) cells (Fig. 16B). These findings demonstrate 
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that expression of wild-type MUC1 contributes to anchorage-independent growth and that 
mutation of the PKC8 phosphorylation site in the CD of MUC1 abrogates this effect. 

A number of embodiments of the invention have been described. Nevertheless, it 
will be understood that various modifications may be made without departing from the 
spirit and scope of the invention. Accordingly, other embodiments are within the scope of 
the following claims. 
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WHAT IS CLAIMED IS: 

1. A method of identifying a compound that inhibits binding of MUC1 to a tumor 
progressor, the method comprising: 

(a) providing a MUC1 test agent; 
5 (b) providing a tumor progressor test agent that binds to the MUC 1 test agent; 

(c) contacting the MUC1 test agent with the tumor progressor test agent in the 
presence of a test compound; and 

(d) determining whether the test compound inhibits binding of the MUC1 test agent 
to the tumor progressor test agent. 

10 2. The method of claim 1, wherein the tumor progressor test agent is a c-Src 

test agent. 

3. The method of claim 1, wherein the tumor progressor test agent is a pl20 ctn 
test agent. 

4. The method of claim 1, wherein the tumor progressor test agent is an 
15 epidermal growth factor receptor (EGF-R) test agent. 

5. The method of claim 1, wherein the tumor progressor test agent is a 0- 
catenin test agent. 

6. The method of claim 1 , wherein the tumor progressor test agent is a protein 
kinase C5 (PKC5) test agent. 

20 7. The method of claim 1 , wherein the contacting is carried out in a cell-free 

system. 

8 . The method of claim 1 , wherein the contacting occurs in a cell. 

9. A method of identifying a compound that enhances binding of MUC1 to 
glycogen synthase kinase 3p (GSK3P), the method comprising: 

25 (a) providing a MUC1 test agent; 
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(b) providing a GSK3p test agent that binds to the MUC1 test agent; 

(c) contacting the MUC1 test agent with the GSK3P test agent in the presence of a 
test compound; and 

(d) determining whether the test compound enhances binding of the MUC1 test 
5 agent to the GSK3 p test agent. 

10. An in vitro method of inhibiting expression of MUC1 or a tumor progressor 
in a cell that expresses MUC1, the method comprising: (a) identifying a cell as expressing 
MUC1; and (b) treating the cell in vitro with an antisense oligonucleotide that hybridizes 
to a MUC1 transcript or to a tumor progressor transcript, wherein the antisense 

10 oligonucleotide inhibits expression of MUC1 or the tumor progressor in the cell. 

1 1 . The method of claim 1 0, wherein the tumor progressor is selected from the 
group consisting of P-catenin, c-Src, pl20 ctn , EGF-R, andPKCS. 

1 2 . The method of claim 1 0, wherein the cell is a cancer cell. 

13. The method of claim 12, wherein the cancer cell is a breast cancer cell. 

15 14. The method of claim 12, wherein the cancer cell is selected from the group 

consisting of a lung cancer, colon cancer, pancreatic cancer, renal cancer, stomach cancer, 
liver cancer, bone cancer, hematological cancer, neural tissue cancer, melanoma, ovarian 
cancer, testicular cancer, prostate cancer, cervical cancer, vaginal cancer, or bladder cancer 
cell. 

20 15. The method of claim 10, wherein the treating step is accomplished by 

introduction into the cell of a nucleic acid comprising a transcriptional regulatory element 
(TRE) operably linked to a nucleic acid sequence, wherein the nucleic acid sequence is 
transcribed in the cell into the antisense oligonucleotide. 

16. The method of claim 1 5, wherein the TRE is a DF3 enhancer. 

25 17. An in vivo method of inhibiting binding of MUC1 to p-catenin in a cancer 

cell that expresses MUC1, the method comprising: 
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(a) identifying a subject as having a cancer that expresses MUC1 ; and 

(b) administering to the subject a compound or, where the compound is a 
polypeptide, a nucleic acid comprising a nucleic acid sequence encoding the polypeptide, 

wherein the compound inhibits (i) binding of a tumor progressor to the cytoplasmic 
5 domain of MUC1 or (ii) phosphorylation of the cytoplasmic domain of MUC1 by a tumor 
progressor. 

1 8. The method of claim 1 7, wherein the tumor progressor is selected from the 
group consisting of P-catenin, c-Src, EGF-R, and PKCS. 

19. The method of claim 17, wherein the compound is a peptide fragment of 
1 0 (a) MUC 1 or (b) the tumor progressor. 

20. The method of claim 1 9, wherein the compound is a peptide fragment of the 
cytoplasmic domain of MUC1 . 

2 1 . The method of claim 20, wherein the peptide fragment comprises an amino 
acid sequence consisting of SEQ ID NO:7. 

15 22. The method of claim 21, wherein the amino acid sequence of the peptide 

fragment is SEQ ID NO:7. 

23. The method of claim 17, wherein the subject is a human subject. 

24. The method of claim 17, wherein the cancer cell is a breast cancer cell. 

25. The method of claim 17, wherein the cancer cell is selected from the group 
20 consisting of a lung cancer, colon cancer, pancreatic cancer, renal cancer, stomach cancer, 

liver cancer, bone cancer, hematological cancer, neural tissue cancer, melanoma, ovarian 
cancer, testicular cancer, prostate cancer, cervical cancer, vaginal cancer, or bladder cancer 
cell. 
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26. The method of 17, wherein the compound is a polypeptide and the treating 
step is accomplished by introduction into the cell of a nucleic acid comprising a TRE 
operably linked to a nucleic acid sequence encoding the polypeptide. 

27. The method of claim 26, wherein the TRE is a DF3 enhancer. 

5 28. A method of identifying a compound that inhibits phosphorylation of 

MUC1 by a tumor progressor, the method comprising: 

(a) providing a MUC1 test agent; 

(b) providing a tumor progressor test agent that phosphorylates the MUC1 test 

agent; 

10 (c) contacting the MUC1 test agent with the tumor progressor test agent in the 

presence of a test compound; and 

(d) determining whether the test compound inhibits phosphorylation of the MUC1 
test agent by the tumor progressor test agent. 

29. An in vivo method of inhibiting expression of MUC1 or a tumor progressor 
15 in a cancer cell that expresses MUC1 , the method comprising: 

(a) identifying a subject as having a cancer that expresses MUC1; and 

(b) administering to the subject an antisense oligonucleotide or a nucleic acid 
comprising a TRE operably linked to a nucleic acid sequence that is transcribed into the 
antisense oligonucleotide, 

20 wherein the antisense oligonucleotide (i) hybridizes to a MUC1 transcript or to a 

tumor progressor transcript and (ii) inhibits expression of MUC1 or the tumor progressor 
in the cell. 

30. The method of claim 29, wherein the subject is a human patient. 

3 1 . The method of claim 29, wherein the cancer cell is a breast cancer cell. 

25 
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